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Lead white is a lead (Pb) carbonate that has been extensively used throughout 
human history, and has found applications in numerous fields, from cosmetics to medicine, 
to wine sweeteners in Roman times and, most importantly, in art as a pigment. Analysing 
lead isotope ratios of lead white potentially gives information on the provenance of the lead 
constituting the pigment. The analyses, indirectly, also provide valuable information on the 
object hosting this pigment. The extensive use of lead white in oil paintings until the 20th 
century, combined with lead isotope analysis, provides information not only on the 
provenance of the lead in the pigment but also on painting making processes, trading of 
lead and lead white throughout history. These data, once coupled with historic documents, 
are able to offer new knowledge on paintings that, in some cases, can help to resolve 
debates on attribution and authentication.   
This research presents a comprehensive study of the application of lead isotope 
analysis within the cultural heritage field  to improve the current understanding of the origin 
and use of lead white pigment in historic paintings mainly from the Netherlands addressing 
the following topics: 
 
-Improving analytical precision and sensitivity of lead isotope analysis 
-Investigating the heterogeneity of lead isotope ratios in lead white used within a 
single painting 
-Study of the time-dependant variation of lead isotope ratios of lead white in 17th 
century Dutch paintings 
-Use of lead isotope analysis of lead white in combination with other analytical 
techniques to study paintings 
 
The proposed development of improved and more sensitive analytical methods lead 
to the creation of a new sampling tool, named “micro-scalpel” that allows sampling from 
cross-sections. This instrument reduces the amount of pictorial material taken during the 
sampling, helping to preserve the artworks, and most importantly allows the operator to 
selectively sample from one pictorial layer at a time. Simultaneously the analytical method 
was improved, increasing the sensitivity of the instrument (multi-collector inductively coupled 
plasma mass spectrometer or MC ICPMS) with the application of a lead double spike (DS) 
technique and the use of a 1013 Ω resistor amplifiers. Due to the improved analytical 
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sensitivity, the sample size required for analysis was reduced by a factor of ten with the use 
of 1013 Ω resistor amplifiers, while maintaining accuracy and precision. 
The new method was used to investigate the heterogeneity of lead isotope ratios 
within a single painting. This study was necessary to understand to what level the 
information obtained by a single sample is representative of the painting. The study was 
conducted on five Netherlandish paintings from the 17th century. Each painting was 
sampled several times (n. 5-20) in different areas. The data were then compared to the 
analysis of powdered lead white (historical Venetian lead white from the end of the 16th 
century rescued from a shipwreck). The study determined that the lead isotope ratios of the 
Venetian lead white pigment were homogeneous. In contrast, four out of the five paintings 
contain lead white samples that were outside analytical error (in the most extreme case 
seven times the long term precision of the instrument, therefore significantly different 
isotopic values), identifying lead isotope ratios heterogeneity within the painting. The results 
suggest that the pigment, processed and used in the artist’s studio prior to painting could 
have been in contact with other lead-bearing compounds that altered the original isotopic 
composition. These findings suggest that lead isotopes analyses of paintings should be 
performed using a multi-sampling strategy. The study also highlighted the need for a painting 
lead isotope database to compare data to have a reliable interpretation of lead isotope ratios 
of paintings. 
The lead isotope analysis of 77 dated Dutch paintings from 27 artists allowed 
assessment of the time-dependent variation of lead isotope ratios of lead white and the 
creation of a database of the lead whites used in the Netherlands in the 17th century. The 
lead isotope compositions recorded a clear time dependence identifying a shift in lead 
isotope ratios during the period 1642-1647, and a second change is indicated after 1680. 
The changes in lead isotope ratios in lead white were connected to historical events. For 
example, the period 1642-47 coincides with the English Civil War in the country that was the 
main producer of lead at the time. The identification of a time-dependent variation of lead 
isotope ratios of lead white gives the possibility to distinguish early and late works by 
individual artists active in the 17th century. This information can give art historians a unique 
tool to help expand the knowledge of the provenance of material used by artists and hence 
the time of production of disputed Dutch 17th century paintings.  
 
 





Loodwit is een lood (Pb) carbonaat dat in de geschiedenis van de mensheid op 
grote schaal is toegepast in verschillende gebieden;  van cosmetica tot medicijnen en 
wijnzoetstoffen in de Romeinse tijd en, belangrijker nog, in de kunst als pigment. Het 
analyseren van de isotopensamenstelling van het lood in loodwit geeft mogelijk informatie 
over de herkomst van het lood dat het pigment vormt. De analyses leveren indirect ook 
waardevolle informatie op over het object dat dit pigment bevat. Het uitgebreide gebruik 
van loodwit in olieverfschilderijen tot de 20e eeuw, gecombineerd met 
loodisotopenonderzoek, geeft niet alleen informatie over de herkomst van het lood in het 
pigment, maar ook over het vervaardigen van schilderijen en de handel in lood en loodwit 
door de geschiedenis heen. Deze gegevens, eenmaal gekoppeld aan historische 
documenten, kunnen nieuwe kennis over schilderijen opleveren die in sommige gevallen 
kunnen helpen om discussies over toeschrijving en authenticatie op te lossen. 
Dit onderzoek presenteert een uitgebreide studie naar de toepassing van 
loodisotopenonderzoek binnen het cultureel erfgoed om het huidige begrip van de 
oorsprong en het gebruik van loodwitpigment in historische schilderijen, voornamelijk uit 
Nederland, te verbeteren, waarbij de volgende onderwerpen worden behandeld: 
 
- De verbetering van de analytische precisie en gevoeligheid van de analyse van 
loodisotopen 
- Het onderzoek naar de heterogeniteit van loodisotopenverhoudingen in loodwit dat 
gebruikt werd in een enkel schilderij 
- De studie van de tijdsafhankelijke variatie van loodisotopenverhoudingen van 
loodwit in 17e-eeuwse Nederlandse schilderijen 
- Het gebruik van loodisotopenonderzoek van loodwit in combinatie met andere 
analytische technieken om schilderijen te bestuderen 
 
De voorgestelde ontwikkeling van een verbeterde en gevoeligere analytische 
methode heeft geleid tot de ontwikkeling van een nieuw bemonsteringsinstrument, 
genaamd "micro-scalpel", waarmee bemonstering van dwarsdoorsneden mogelijk is. Dit 
instrument vermindert de hoeveelheid beeldmateriaal dat tijdens het nemen van monsters 
wordt genomen, waardoor de kunstwerken behouden blijven en de operator selectief één 
beeldlaag tegelijk kan bemonsteren. Tegelijkertijd werd de analytische methode verbeterd, 
waardoor de gevoeligheid van het instrument (Multi-collector Inductively Coupled Plasma 
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Mass Spectrometer  of MC-ICP-MS) werd verhoogd met de toepassing van een lood 
dubbele spike (DS) techniek en het gebruik van 1013 Ω weerstandsversterkers. Door de 
verbeterde analytische gevoeligheid werd de benodigde steekproefomvang voor analyse 
met een factor tien verkleind, terwijl de nauwkeurigheid en precisie behouden bleef. 
Deze nieuwe methode werd gebruikt om de heterogeniteit van 
loodisotopenverhoudingen binnen een enkel schilderij te onderzoeken. Dit onderzoek was 
nodig om te begrijpen in hoeverre de informatie die door een enkel monster is verkregen 
representatief is voor het schilderij. Het onderzoek is uitgevoerd op vijf Nederlandse 
schilderijen uit de 17e eeuw. Elk schilderij werd meerdere keren bemonsterd (n=5-20) in 
verschillende gebieden. De gegevens werden vervolgens vergeleken met de analyse van 
gepoederd loodwit (historisch Venetiaans loodwit daterende uit het einde van de 16e eeuw 
dat gevonden is in een scheepswrak). De resultaten van deze studie laten zien dat de 
loodisotopenverhoudingen van het Venetiaanse loodwitpigment homogeen waren. 
Daarentegen bevatten vier van de vijf schilderijen loodwitmonsters die buiten de 
analytische fout vielen (in het meest extreme geval zeven keer de nauwkeurigheid van het 
instrument, dus significant verschillende isotopenwaarden), waarmee de heterogeniteit 
van de loodisotoopverhoudingen binnen het schilderij wordt geïdentificeerd. De resultaten 
suggereren dat het pigment, verwerkt en gebruikt in het atelier van de kunstenaar 
voorafgaand aan het schilderen, in contact kan zijn geweest met andere loodhoudende 
verbindingen die de oorspronkelijke isotopensamenstelling veranderden. Deze 
bevindingen suggereren dat loodisotopenonderzoek van schilderijen moet worden 
uitgevoerd met behulp van een multi-samplingstrategie. De studie benadrukte ook de 
behoefte aan een database met loodisotopen van schilderijen om gegevens te vergelijken 
om een betrouwbare interpretatie te krijgen. 
De analyse van loodisotopen van 77 gedateerde Nederlandse schilderijen van 27 
kunstenaars maakte het mogelijk de tijdsafhankelijke variatie van 
loodisotopenverhoudingen van loodwit te beoordelen en een database te creëren van de 
loodwitten die in de 17e eeuw in Nederland werden gebruikt. De 
loodisotopensamenstellingen lieten een duidelijke tijdsafhankelijkheid zien, waarbij een 
eerste verschuiving in de loodisotopenverhouding in de periode 1642-1647 plaats vond, 
gevolgt door een tweede verandering na 1680. De veranderingen in de 
loodisotopenverhoudingen in loodwit waren verbonden met historische gebeurtenissen. Zo 
valt de periode 1642-1647 samen met de Engelse Burgeroorlog in het land dat destijds de 
belangrijkste loodproducent was. De identificatie van een tijdsafhankelijke variatie van 
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loodisotopenverhoudingen van loodwit geeft de mogelijkheid om vroege en late werken 
van individuele kunstenaars uit de 17e eeuw te onderscheiden. Deze informatie kan 
kunsthistorici een uniek hulpmiddel bieden om de kennis van de herkomst van materiaal 
dat door kunstenaars wordt gebruikt en daarmee de tijd van productie van betwiste 
Nederlandse 17e -eeuwse schilderijen te vergroten. 
 
Aim of the thesis 
 
Lead isotope ratios have been successfully used in the past to determine the 
provenance of artefacts. This thesis aims to assess the use of the lead isotope system to 
investigate works of art of the early modern period, specifically to what extent it can be used 
to provenance and authenticate the lead white pigments present in historical paintings, and 
consequentially the paintings themselves. This research seeks to validate and expand on 
that knowledge. For this purpose different isotopic systems were considered: Pb from lead 
white, Sr from lead white and other pigments (chalk or bone black), and possibly Nd. The 
development of the project, however, showed that the most useful isotopic system to study 
was the Pb isotope system. Sr and Nd isotopic systems were discarded as suitable 
candidates for this research due to different factors, the most important were related to the 
low abundance of these elements in historic pigments (Nd), possible contamination from 
different sources (the integrity of original isotopic composition) and the limitation of the 
sampling technique available at the start of the research project. Therefore lead isotope 
ratios of lead white were deemed the only suitable isotopic system able to give reliable 
information on paintings, from which it was possible to build a consistent dataset. The study 
of lead white was based on and evolved from approaches present in literature, Keisch et al. 
1976, Fortunato et al. 2005 and Fabian et al. 2010 where it was established that lead isotope 
analysis of lead white can give important information on the provenance of the lead, and 
therefore (indirectly) on the provenance/authenticity of a painting. Starting from these 
assumptions this thesis develops the applications of lead isotope analysis to investigate 
paintings, with a focus on 17th-century Dutch paintings.  
In the early stages of the project, various aspects were addressed to improve the 
viability of this technique in the field of paintings studies. Sampling- and analytical methods 
were improved to reduce as much as possible the invasiveness of the technique, aiming to 
preserve paintings and samples. Much attention was also given to optimise the information 
obtained from lead isotope ratios, searching to which extent this isotopic system can provide 
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data on painting making, and the origin and trading of lead and lead white. This goal is only 
achievable with the creation of a solid lead isotope database, a task that is central in this 
thesis. It was realised early on in the research that the results obtained from lead isotope 
analysis alone, would be limited if not combined with historical information on the use and 
trade of lead white. Therefore the proper interpretation of the data required an 
interdisciplinary approach that included studying a set of complementary information from 
different fields. The following sections contain a summary of the different topics that were 
necessary to properly comprehend the use of lead isotope analysis to study lead white: the 
use and trade of lead and lead white through history; the reaction mechanisms involved in 
the historic production of lead white; the basic principles of the lead isotope system; the 
variation of lead isotope ratios in lead deposits in nature; the theory behind lead isotope 
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1: Lead white  
 1.1: Lead white pigment in history 
 
 
Lead white generally refers to a pigment made of lead carbonate, composed by either 
cerussite or hydrocerussite or a mixture of the two. These compounds can be either found 
in nature or synthesised starting from metallic lead exposed to sources of acetic acid 
(vinegar vapours) and CO2 (decaying organic matter as horse manure; more details on the 
chemical reactions to produce lead white can be found in section 1.2). 
Lead white has been used since ancient Egyptian times. Descriptions of its 
production and use were already given during Roman times by Theophrastus (4th century 
B.C.), Vitruvius (1st century B.C.), and Pliny the elder (1st century A.D.) (Welcomme 2007a, 
Gonzalez 2016). The use of lead white was ubiquitous in European art until the end of the 
19th century when it was replaced by zinc and titanium white (Welcomme 2007a, Gonzalez 
2016). Lead white production processes remained basically unaltered through the centuries 
until the 19th century. During the Middle ages the process to produce the pigment was almost 
identical to the one described by the Romans, as evident from the 12th Century script 
“Schedula diversum Artium” by the monk Theophilus: “To make lead white, have lead sheets 
thinner; then placing them dry in a hollow wood, (...) pour in hot vinegar or urine, and cover. 
After a month, lift the lid, and removing anything that will be white, replace it again as before”. 
The large-scale production of the pigment was required as it was extensively used in 
paintings, cosmetics, and medicine (Watin 1773, Doerner 1962, Harley 1982), leading to the 
formation of regions specialised in the production of lead white. After the 12th Century, 
Venice was the main production centre for lead white, and the city retained this position until 
the end of the 16th century (Berrie et al. 2011). The large production of lead white in Venice 
was due to the ready supply of large quantities of raw materials transported to the city (Berrie 
et al. 2011). The Venice archives report the presence in the city of at least one lead foundry, 
one lead white factory ('luogo dale sbiacche') and a shop specially dedicated to the sale of 
lead white ('la botega dalle sbiacche et altro posta sopra el ponte di Rialto') on the Rialto 
Bridge, the commercial heart of the city (Berrie et al. 2011). The pigment produced in the 
city was sold locally and traded across Europe and the middle-east, the latter confirmed by 
the huge amount of lead white raw pigment found in a shipwreck in the Adriatic sea, 
travelling to Constantinople, and sunk in 1583 (Radić Rossi 2016, Radić Rossi 2020). The 
Venice lead white was considered the highest quality of lead white available at the time, and 
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maintained this status through the 17th century, when the Netherlands became the main 
production centre (Homburg 1996, Berrie et al. 2011). This was the result of the fall of 
Antwerp to the Spanish in 1585 that led many Flemish craftsmen to move north toward the 
Netherlands where they started a new production line of the pigment. From this time on, the 
Dutch started to produce and trade lead white on a large scale (Stols-Witlox 2014). To meet 
a constantly increasing demand for the pigment, the Dutch improved the method of 
synthesising lead white introducing the Dutch stack process, (Homburg 1996). The Dutch 
stack process is well explained by Homburgh 1996 (Homburg 1996), and references within, 
and summarised below. The first step consisted of melting around 4000 kg of metallic lead, 
as pure as possible, in a large iron kettle. Then the molten lead was cast in rectangular iron 
moulds placed on a level horizontal table, to obtain thin plates. Each plate was then rolled 
in a coil weighing around 800 grams, and placed in earthen pots containing vinegar. Direct 




Figure 1: An illustration of the Dutch stack process to produce lead white. On the left, a detail of the jar containing the coil is placed 
in a jar containing vinegar. On the right is an illustration of how the jars were piled up in layers. The figure is recreated after an 
illustration in Gonzalez 2016.  
 
The pots were placed close together in a layer of horse dung of about 50 cm high, 
each layer was 9 square meters in dimension (3m x 3m) and was able to host up to 700 
pots. After all the pots were adjusted in a layer, they were covered with a flat sheet of lead 
and a closed layer of timber board placed on top. Above the wooden board, a new bed of 
horse dung was added and a new layer of pots was formed. In this way a so-called “stack” 
was built up, containing four to six beds of horse dung and pots. Preparation of a complete 
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stack required one to two days of labour of two or three workers. Each stack can contain up 
to 3600 pots. The fermentation of the horse manure allows, after few days, the increase of 
the temperature, up to 50-60° C, with consequent evaporation of the vinegar and corrosion 
of the lead coils. The main innovation in the Dutch stack process consisted in using metallic 
lead cast in thin coils, assuring a much larger metallic surface for reaction, and the 
optimisation of the reaction space thanks to the stacking of the pots. In this way, the method 
reached quasi-industrial production volumes. The formation of the lead carbonate took 
between four and six weeks, then the stack was taken apart and the corroded lead coils 
were placed in buckets and bought to a stamping or beating room. Here the coils were 
unrolled and beaten with hammers, so the lead white flakes (corroded metal) were 
separated from the unreacted metallic lead. At this point, the un-corroded metal was 
returned to the melting room for re-use and the white lead flakes were washed and carried 
to a mill for grinding. A white lead slurry was produced and washed again and put in a cistern 
to settle. When the deposit had a sufficient consistency, the white lead pulp was put into 
unglazed conical earthen pots, which were placed on shelves in a drying shred and dried in 
the wind and sun. More accurate accounts on the processes and recipes of grinding and 
washing of lead white pigment can be found in Stols-Witlox et al. 2012. After several weeks 
the lead white was removed from the pots and the resulting conical so-called “loaves “ of 
lead white were allowed to dry for few more weeks. It is estimated that in 1790, about 1350 
tons of lead white were shipped out the harbours of Amsterdam and Rotterdam (Vlieger et 
al. 1992, Stols-Witlox 2014) and that at the end of the 18th century more than 35 factories 
were active in the Netherlands with a production of 4000 tons per year. 
 




Figure 2: Lead coils corrode to form lead white. a- metallic lead coil, b- metallic lead coil placed in the jars on top of vinegar, c- metallic 
coil after corrosion and d- lead white powder scraped from the coils. Picture taken from Natural Pigments©. 
 1.2: Chemical composition and reaction mechanisms  
 
 
The synthesis of lead white is a well-known phenomenon, and this section reports 
the main information about the chemical processes that control the formation of the pigment. 
The study of the chemical reactions involved in the production of lead white is fundamental 
to understand if and how the isotopic composition of lead can be altered during the whole 
production process.  
Lead white is a mixture of two main lead carbonates: (C) cerussite (PbCO3) and (HC) 
hydrocerussite (2PbCO3•Pb(OH)2)(Olby 1966). However, other lead salts such as 
plumbonacrite (Pb5O(OH)2(CO3)3) are present in some rare cases, as have been reported 
in several synchrotron studies and appear to be a function of the ambient pH during paint 
production (Welcomme et al. 2007, Stols-Witlox et al. 2012, Gonzalez et al. 2019). Lead 
white contains ~ 77 to 80 % lead by weight, depending upon the C/HC ratio. In the pigment, 
C and HC are in chemical equilibrium, and depending on the surrounding chemical 
conditions, they can be converted into each other (Godelitsas et al. 2003). The ratio of the 
different lead salts, in a given pigment sample, is therefore a function of variables occurring 
during the production process (Homburg 1996, Stols-Witlox et al. 2012, Stols-Witlox et al. 
2012, Gonzalez et al. 2017).  
The chemical reactions that turn metallic lead in lead white have been studied in detail 
to understand the mechanism that leads to the formation of lead white with specific C/HC 
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ratios (Welcomme 2007a, Sánchez-Navas et al. 2013). Such work has also made an 
important contribution to the study of degradation of lead objects exposed in museums, as 
metallic lead turns into lead white as a result of the acidic vapours present in the indoor 
climate of the buildings (Turgoose 1985, Degrigny et al. 1996, Tétreault et al. 1998, Schotte 
et al. 2006).  
In their study, Tétreault et al., using XRD, characterised the various reaction products 
formed under controlled conditions, with different concentrations of acetic acid in a period of 
four months (Tétreault et al. 1998). The study found that for low concentrations of acetic 
acid vapours (3-60 mgm-3), lead acetate oxide hydrate (Pb(CH3CO2)2•2PbO•H2O) is 
detected after one month, together with plumbonacrite, HC and PbO. For higher 
concentrations (> 60 mgm-3 of acetic acid vapours) HC is mainly produced as the result of 
the transformation of plumbonacrite and PbO. However, no detection of C has been 
reported.  
Welcomme et al., similarly, performed an experiment to study the effects of exposure 
of lead to acetic acid vapours (Welcomme et al. 2007b). Lead was exposed to a CO2 
enriched environment, by dissolving K2CO3 in acetic acid (Welcomme 2007b). The study 
investigates the reaction yield and products while controlling the variations in the acetic acid 
pH (between 2 and 3) and the mass of K2CO3 used. The quantity of carbonates added and 
the pH strongly affected the yield of corroded material: higher levels of CO2 correspond to a 
higher yield. The study found that for a pH range of 2.5-2.7 (values corresponding to the 
fastest kinetics), and a mass of K2CO3 of 0.5 g, the three constituent phases of lead white 
were detected, mainly plumbonacrite and HC. The process, however, seems to evolve, with 
the acidification and carbonation of the corrosion layer: 
 
Pb5O•(OH)2•(CO3)3 → 2Pb•(CO3)•Pb(OH)2 → PbCO3  
    Plumbonacrite                   Hydrocerussite           Cerussite 
 
The study concludes that CO2 concentration strongly affects the yield of reaction and 
that the compounds formed in a medium rich in CO2 are essentially lead carbonates, with a 
greater proportion of HC. The authors specified that these results remain difficult to explain 
due to possible phenomena of partial dissolution and recrystallization. 
Niklasson et al. 2008 (Niklasson et al. 2008), performed experiments to understand 
how ancient manufacturing processes were linked to the formation of the specific crystalline 
phases of lead white. The corrosion of lead was conducted in the presence of acetic acid 
(170 ppb) and CO2 (350 ppm) vapours, under variable temperature conditions (4 or 22° C) 
CHAPTER 1: INTRODUCTION 
17 
 
and variable relative humidity (between 40 and 95%) (Niklasson et al. 2008). The 
compounds identified as a result of corrosion are lead hydroxyacetate, plumbonacrite, HC 
and PbO, while C was not detected. The study shows that under a constant acetic acid 
environment, the effect of relative humidity controls the ratio of the minerals formed. The 
reactivity of the corrosion products formed was also studied. When lead hydroxyacetate is 
exposed to an airflow containing 350 ppm CO2, 80% of the hydroxyacetate transforms to 
HC. In contrast, exposure of HC to an airstream also containing 350 ppm of CO2 and 170 
ppb acetic acid resulted in very reduced acetate formation (3%). The study effectively 





The schematic above gives a clear view of how the formation of lead white is 
influenced by CO2 and acetic acid and how these reactants control the equilibrium between 
the different lead salts (lead hydroxyacetate and lead carbonate) (Niklasson et al. 2008).  
An excellent overview of the reaction mechanisms involved in the production of lead 
white was given by Gonzalez et al. 2018. The authors set up an experiment to examine, via 
XRD, the evolution of the corrosion process of metallic lead leading to the formation of lead 
white. The authors used a 2mm thick lead foil (Goodfellow, 99.95+) previously scraped with 
sandpaper and washed with acetone.  The experiment mimics the condition present in the 
Dutch stack process, and it was designed to control the reaction factors as temperature (25° 
C), relative humidity (96%), CO2 concentration (8000-10000 ppm v/v) and acetic acid 
vapours (c. 700 ppm). Acetic acid 10% vol. and a sugar aqueous solution mixed with yeast 
were used as source of acetic acid, H2O and CO2 (Gonzalez et al. 20018). XRD analyses 
were performed at different times to observe the evolution of the chemical reactions, as 
shown in Figures 3a and b. 






Figure 3: a: Schematic of the reaction processes occurring on a lead metallic foil during the formation of lead white; b: XRD spectra 
in time, showing the formation of the reaction products during the carbonation of metallic lead. Illustration taken from Gonzalez et 
al. 2018 
 
The study reports that after few minutes lead oxide acetate hydrate (LOAH) is 
detected, reactions 1 and 1’ in Figure 3a. In this phase, the O2  is mandatory and acts as 
oxidizer. After few hours carbonation products are detected via XRD, and in particular, 
plumbonacrite (PN) is formed from the acetate, reaction 2 figure 3a. After a day PN, exposed 
to H2O and CO2, reacts to form HC. Meanwhile, also  C starts to form, reaction 3  Figure 3a. 
The authors report that at this point the corrosion film on the metallic lead grows thick enough 
to shield the diffraction signal of the unreacted metallic lead behind. After three weeks the 
authors notice that the corrosion layers become several mm thick. HC and C coexist until 
complete consumption of lead (about two months), with a progressive decrease of the HC/C 
ratio, due to the formation of C from HC, reaction 4 Figure 3a. The HC/C ratio tends to zero 
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if the corrosion layer is removed from the metallic lead substrate and further exposed to 
carbonisation (Gonzalez 2018).  
To better understand the reaction process, XRD analyses were performed on the 
corrosion layers after three weeks, Figure 4. The analysis identified that the corrosion layer 




Figure 4: corrosion flakes on metallic lead after 3 weeks with XRD patterns and composition of the different layers. Illustration 
from Gonzalez et al. 2018 
 
The XRD analysis detected PN at the surface of the metallic foil (internal layer), with 
this compound decreasing to zero in the upper layers of the film. The rest of the film was 
composed by HC and C, with an increasing C/HC ratio corresponding to a gradient of 
carbonate concentration from metal to surface. The authors concluded that the reactions 
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described above take place not only successively in time, but also simultaneously at various 
depths and are controlled by the permeability to gases of the low-density microstructure of 
the corroded film (Gonzalez 2018).  
The mechanisms discussed above show the chemical reactions behind the formation 
of lead white, highlighting the importance of the combination and interaction of the reactants 
(especially CO2 and acetic acid) to obtain the final product. The studies also reveal the 
conditions necessary to obtain a certain mixture of HC/C. The knowledge provided by these 
works is fundamental to investigate the structure of lead white crystals in paintings, revealing 
how the pigment was treated before application in the paint and allowing an understanding 
of possible subsequent degradation of lead white. The reported reaction mechanisms 
(considering the small differences in lead isotopes masses, the energies involved, the 
quantitative or quasi-quantitative yields of the reactions of the metal lead to carbonate, the 
amount of material processed in a batch, reaction happening in a close system, etc..) cannot 
alter significantly the final isotope ratios of lead. Thus it is possible to assume that the lead 
isotope ratios of lead white are unaltered during production and degradation of the pigment 
unless there is interaction with another Pb-bearing pigment. Lead isotope ratios of the lead 
white pigment should therefore be representative of the lead used to create the lead white. 
 1.3: Other use of lead‑compounds in paintings 
 
Lead white is not the only lead-based pigment produced, but it is the only one that 
has been well-characterised with lead isotope analysis. The other notable lead-based 
pigments used in history are: minium (Pb3O4), lead tin yellow (Pb2SnO4), Naples yellow 
(Pb2Sb2O7), used between 18-19th century, and chrome yellow (PbCrO4 used from the 19th 
century) (Feller 1986).  
 In addition, the use of lead compounds and lead white in the creation of a painting is 
not only limited to the application of pigments as colours. Lead-compounds, and in particular 
lead white, are used for different tasks and in different layers of a painting. For instance, it 
is known that different qualities of lead white were available and were used for different 
purposes during painting preparation. Lower quality lead-white was used for ground-layer 
preparation and as a siccative agent, to speed up the polymerisation/drying of the oil (Stols-
Witlox 2014). The exact differences between the different qualities of lead white sold by the 
shops and used for different purposes in a painting are unclear. The differences in quality 
are expected to be related to the purity of the pigment and how it was refined. It is known 
that chalk was added to lower-quality pigment to lower production costs (Homburg 1996). 
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More expensive lead white powder underwent greater grinding and washing to produce a 
more consistent and finer grain size (Stols-Witlox et al. 2012). There is no evidence, 
however, that those different qualities of lead white produced in the same period were 
manufactured from different source materials or with different processes.  
Lead white and other lead compounds were also used for the treatment of oils, 
recipes mention boiled oil, fat oil and drying oil (Stols-Witlox 2014). These preparations aim 
to improve the drying rate (polymerisation) of the oil as lead-based compounds were used 
as a siccative agent. Stols-Witlox (2014) reports many written historical recipes for fat oil 
treatment with siccatives (Stols-Witlox 2014). De Mayerne’s recipe for siccative oil, written 
between 1620-1646, suggested treating the oil with water and PbO (PbO/oil/water ratio of 
1/4/4 (w%)) (De Mayerne 1646). King (1653-7) provides a recipe for a fat oil that is prepared 
by placing linseed oil in the sun for three weeks after the oil had been mixed with lead white, 
minium (Pb3O4), sawdust and crumbs of brown bread (Stols-Witlox 2014); Stalker and 
Parker (1688) advise placing linseed oil in the sun in a lead-glazed vessel; Dutens (1779) 
describes how fat oil is made by slowly heating litharge (lead II oxide) and lead white with 
linseed oil. In a later edition, Dutens (1803) gave a recipe for a ‘fat or drying oil’ that was 
prepared by exposing linseed oil with lead white and litharge to the sun for eight days, stirring 
it once or twice per day (Stols-Witlox 2014). The use of siccatives, metal salts such as those 
containing lead, manganese or zinc, which act as a catalyst for the polymerisation of the oil 
binder, not only appear in recipes for the preparation of oil binders advised for use in 
preparatory layers, but also appear as additions during the ground preparation itself, e.g. for 
earth or clay-bound layers addition of small amounts of lead white or of minium are 
suggested (Stols-Witlox 2014).   
The combination and mixing of all these lead-based pigments in different painting 
layers, in combination with lead compounds added to oils used for drying, could introduce a 
different level of isotopic variation of lead isotope ratios within and between paintings 
according to the amount of lead from different sources mixed in the process. This is an issue 
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2: Lead  
 2.1: Lead isotope Geochemistry  
 
Lead has four stable isotopes, 204Pb, 206Pb, 207Pb and 208Pb. 204Pb is non-radiogenic 
while 206Pb, 207Pb and 208Pb are the product of radioactive decay of respectively 238U, 235U 
and 232Th. To understand the reasons behind the lead isotope variation in natural lead 
reservoirs, which allow the use of lead isotope ratios for object provenance, it is necessary 
to know the mechanisms that regulate radioactive decay and the geochemical behaviour of 
the parent and daughter elements in the U-Th-Pb isotope system.  
The rate of decay of an unstable parent nuclide is described by the equation: 
 𝑁 =  𝑁 𝑒                                                                  [1] 
 
Where N is the remaining parent atoms at any time, N0 are the parent atoms present 
at the beginning of the decay reaction and λ is the decay constant of the parent nuclide. 
Using the equation is possible to calculate the number of daughter nuclide, D, formed at any 
time assuming: 
 𝐷 = 𝑁 − 𝑁                                                                     [2] 
And therefore  𝐷 =  𝑁 (1 − 𝑒 )                                                               [3] 
 
In this way it is also possible to calculate the half lifetime of a decay reaction, T1/2 , assuming 
:  
 𝑁 = 𝑁                                                                       [4] 
 𝑇 / = =  .                                                                 [5] 
 
T1/2 represents the time required for half of a given number of radionuclide atoms to 
decay. Equation (5) provides a convenient relationship between the half-life of a radionuclide 
and its decay constant (Faure 1986). These equations represent the mathematical model of 
the direct decay of an element A to element B. However, the radioactive decay of the U and 
Th parent nuclides to Pb is not direct, but these elements are part of decay series, that are 
described by a more complex mathematical model. In a decay series, a parent nuclide N1 
decays to the daughter nuclide N2, that decay to N3 and so on until a stable nuclide Nn is 
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reached (Faure 1986). A decay series is described by the following equation; assuming that 
the initial concentration of all the daughter nuclides is zero: 
 𝑁 =  𝑁 = ⋯ = 𝑁 = 0                                                       [6] 
 𝑁 =  𝐶 𝑒 +  𝐶 𝑒 + ⋯ + 𝐶 𝑒                                            [7] 
 
Where 𝐶 = …( )( )…( )                                                    [8] 
 𝐶 = …( )( )…( )                                                    [9] 
 
Equation 7 gives the number of atoms of any member of a series at any time when 
only the parent nuclide is present at the beginning (Faure 1986). This equation is important 
for two reasons: it describes mathematically the radioactive decay series and also explains 
what happen when a decay constant (λ) of the parent nuclide is much smaller (therefore 
parent half-life time much greater) than the other (λ) present in the series, as in the case of 
the decay of the nuclides 238U, 235U and 232Th. In this case, the parent atoms remain 
essentially constant for several times the half-lives of the daughter (Faure 1986) and the 
series reaches an equilibrium known as secular equilibrium. When secular equilibrium has 
been established the rate of decay of the daughter is considered equal to that of its parent 
(the accumulation of radiogenic daughter is equal to the decay of radioactive parent): 
 λ 𝑁 = λ 𝑁 = λ 𝑁 = ⋯ = λ 𝑁                                                  [10] 
 
And the number of nuclides formed of any intermediate nuclide can be calculated as: 
 𝑁 =                                                                          [11] 
 
The rate of growth of the stable radiogenic daughter, D, at the end of the series in 
secular equilibrium is equal to the rate of decay of the parent at the beginning of such series 
 𝐷 = 𝑁 − 𝑁 −𝑁 − ⋯ − 𝑁                                                         [12] 
 
Substituting equation 11 in equation 12 it is possible to simplify the secular equilibrium 
as: 
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𝐷 = 𝑁 − 𝑁 1 − ∑                                                        [13] 
 
Where the number expressed by the summation is much lower than 1, therefore: 
 𝐷 = 𝑁 − 𝑁 = 𝑁 𝑒 − 𝑁 = 𝑁 (𝑒 − 1)                                       [14]    
 
Under most geological situations all three decay series are in secular equilibrium. 
Hence the three decay systems can be considered as individual closed systems. The 232Th 
has the slowest decay with a half-life of 1.4 x 1010 y. The half-life of 238U, 4.47 x 109 y, is 
comparable to the age of Earth whereas the half-life of 235U is almost seven times faster 
(7.07 x 108 y) such that the vast majority (> 95%) of 235U that was present on Earth when it 
formed has now decayed away. The decay rates of the parent isotopes differ by more than 
a factor of 10. This means that the rate of change in the ingrowth of the daughter Pb isotopes 
has changed significantly over time with notably more 207Pb formed during early Earth 
evolution. The radioactive decay of the parent isotopes that form lead can be summarised 
as follow, while all the intermediate steps can be observed in Figure 5 (Faure 1986): 




Figure 5: Schematic of the decay series 232Th, 235U and 238U to lead. Figure from Kölbel et al. 2020.  
 
The radioactive decay of the parent nuclides to lead is not the only parameter that 
gives a lead deposit its isotopic composition. Partitioning of U and Th during geochemical 
processes strongly affects the final composition of lead deposits. U and Th are parts of the 
actinide series in the periodic table with similar chemical properties, due to the sharing of 
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similar electron configurations (uranium Z = 92 and thorium Z = 90), with electrons in the 5f 
orbital. In nature, Th occurs only in a tetravalent oxidation state (Th4+ radius 1.10 Å) while U 
can have both tetravalent (U4+ radius 1.10 Å) and hexavalent states, the latter occurring 
under oxidising conditions (uranyl ion UO22+). In the tetravalent state, the U and Th 
compounds have comparable ionic sizes and can substitute for each other in a mineral 
lattice, which explains their geochemical coherence. However, under oxidising condition U, 
passing to a 6+ valence state, is soluble in water and can be separated from the insoluble 
tetravalent Th compounds. This different geochemical behaviour leads to the different 
partitioning between Th and U (Faure 1986). For instance, the older parts of the continental 
crust generally have a higher 207Pb/204Pb compared to ocean crust (higher oxidising 
condition) because the former has had a higher time-integrated U/Pb ratio over Earth’s 
history (Taylor et al. 2015). 
Because U, Th and Pb partition differently within different parts of Earth’s crust and 
mantle, each lead isotope ratio can vary according to the conditions present at the time of 
the mineralisation and the source rocks that contributed to the mineralisation. Th and U are 
usually incorporated into the more silica-rich products during partial melting and fractional 
crystallisation of magma, explaining why igneous rocks of granitic composition are strongly 
enriched by these two elements (Faure 1986). Progressive geochemical differentiation of 
Earth’s upper mantle has resulted in the concentration of U and Th in the rocks of continental 
crust and depletion of these elements in the upper mantle.  
 2.2: Lead isotope ratios variation in nature 
 
The previous section introduced the basic information necessary to understand the 
isotopic compositions of lead deposits worldwide, and how lead isotopes ratios are 
dependent on the partitioning of Pb, U and Th and radioactive decay. The geochemical 
information incorporated in the Th/Pb, U/Pb and 20xPb/20xPb ratios, allows the study of the 
conditions of formation, evolution and age of lead minerals/deposits (Faure 1986). For 
instance, the four lead isotopes of a mineral, recorded as 206,7,8Pb/204Pb ratios, provide a 
time-integrated record of the U/Pb and Th/Pb in the source(s) that produced the mineral. 
One other important feature of lead isotopes is the information provided by the 207Pb/206Pb 
ratio that is linked to the time of formation of deposits/minerals. The direct relationship 
between 207Pb/206Pb and time, results from the difference in the half-life of the respective 
parents 235U/238U. Age information can be calculated from the 207Pb/206Pb as the 235U/238U 
ratio is assumed to be constant (1/137.84) for all terrestrial U of normal isotopic composition 
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(Faure 1986). All this information is stored in the isotope ratios of lead in lead-bearing 
minerals and their derivatives (e.g., metal object), providing information on the deposits from 
which the minerals derive (provenance information). 
The principal lead-containing mineral in ore deposits is galena (PbS). Other minerals 
that have been used as Pb sources include cerussite (PbCO3) and anglesite (PbSO4), but 
these minerals are relatively rare in nature and usually associated with galena and have 
similar isotopic compositions (Faure 1986). These minerals all have extremely low U/Pb and 
Th/Pb ratios (< 10-3) so that the isotopic composition does not change significantly over time 
after the Pb-rich minerals are formed (Faure 1986). In terms of lead isotope evolution, lead 
deposits (mainly galena) have been classified into two types: ordinary and anomalous 
deposits. The distinction is based on the fact that the study of lead isotope ratios of ordinary 
deposits can be used to derive meaningful model ages that are consistent with the time of 
formation. In contrast, anomalous deposits generate geologically meaningless models ages 
(Figure 6a) (Faure 1986). 
Ordinary lead deposits are generally formed by direct volcanic activity and found in 
“conformable” mineral deposits in the ocean crust and volcanic island arcs that were formed 
by magmatism or fluid movement in rocks that were young at the time of mineralisation 
(Pollard 2008). Deposits forming by hydrothermal activity at mid-ocean ridges today are a 
good example. These deposits have simple lead isotope evolution histories because lead 
derives from young lower crust and mantle-derived volcanic activity. In these cases, there 
is no contribution of radiogenic lead from the geologically old upper continental crust. The 
first Pb isotope model to explain ordinary conformable deposits was initially developed to 
calculate the age of the Earth (Holmes-Houtermans model (Holmes 1946)). This model is 
based on the following assumptions: 1) Originally Earth was isotopically homogeneous and  
U, Th and Pb were uniformly distributed; 2) Subsequently, Earth differentiated and different 
U/Pb ratios were produced in different parts of Earth; 3) In any given region, the U-Th/Pb is 
a closed system; 4) At the time of formation of an ordinary mineral deposit, the lead was 
effectively separated from U and Th and the Pb isotope composition has remained constant 
since that time. The Holmes-Houtermans model accounts for the isotopic composition in 
terms of a single-stage Th/Pb and U/Pb history. It further assumes that the radiogenic lead 
is the time-integrated radioactive decay of U and Th present in the source region at the time 
of formation of the deposit. The single-stage model, however, can only describe a minority 
of the lead deposits (Faure 1986, Pollard 2008), formed from lead directly or rapidly derived 
from Earth’s mantle and were mixing with crustal rocks was limited (Russell et al. 1960). The 
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majority of lead deposits, however, are younger than the rocks hosting them and contain Pb 
with complex evolutionary histories involving the mixing of Pb derived from portions of the 
upper crust, which is predominantly more radiogenic than mantle-derived lead (Pollard 
2008). In particular, mineral vein deposits cannot be explained using a single-stage model. 
A two-stage evolution model was suggested by Stacey and Kramers (1975) (Stacey et al. 
1975) that better explains the Pb isotopes of ore deposits (Figure 6b). The model starts from 
the primaeval isotopic lead composition, as in the Holmes-Houtermans model, but then 
proposes that the U/Pb and Th/Pb ratios change due to differentiation of Earth’s interior and 
a switch in the source of the ore fluid from the only mantle to a mixed mantle/subducted-
continental-crust, the latter having higher U/Pb and Th/Pb ratios. The model calculates the 
evolution of the lead deposit from this second event. The two-stage model was developed 
further (multi-stage models) to describe lead deposits whose source regions went through 
multiple changes in U/Pb and U/Th ratios, e.g. Amov 1983 (Amov 1983). Multi-stage models, 
however, are only able to describe the lead isotope ratios where mixing with the crustal rocks 
is limited. These models fail to describe accurately the evolution of “anomalous” lead 
deposits that are characterized by a more complex evolutionary history. This is the case of 
lead deposits of hydrothermal origin, where warm aqueous solutions, between 50 to 400 °C 
transported the metal to the deposit. The hydrothermal fluids circulate in the surrounding 
rocks, leaching metals with different U/Pb and Th/Pb ratios, which are then transported and 
deposited to form the lead deposit. These hydrothermal processes effectively mix Pb from 
multiple sources and are said to give the lead deposits an “anomalous” isotopic signature 
(Gulson 1986, Pollard 2008), that cannot be studied simply using single-stage or multi-stage 
evolution models. The multiple geological components involved in the formation of these 
deposits indicate that the isotopic composition of the lead will be strongly affected by the 
local geological history and may vary markedly, even on a local scale, causing a potential 













Figure 6: Lead isotope evolution diagrams. Primaeval lead is the isotopic composition of the Earth at its formation ca. 4.6 billion years 
ago. µ is the 238U/204Pb ratio in a lead deposit and can be used to describes the evolution of the isotopic composition (growth curves) 
of that deposit over time. The interception of a growth curve with an isochron gives the age of formation (t) of a mineral-based on 
the actual isotopic composition and µ. The Geochron gives the lead isotopic composition of a mineral that would form today, t=0 for 
any growth curve with a given µ;  
a: Graphical representation of the single-stage Pb-Pb isotope model Holmes-Houtermans. The curved red lines are the lead growth 
curves for single-stage U-Pb systems having present-day µ (238U/204Pb) of 8, 9 and 10. The straight lines are isochrons for selected 
values of time t (in billions of years). Using this model is possible to calculate the age of a galena sample, e.g. P, with given 206Pb/204Pb 
and 207Pb/204Pb ratios and µ=10. The model indicates that the sample P was formed 3 billion years ago as it lays on a 3 billion years 
isochron. In contrast, an example of an anomalous lead deposit (orange points) define a dashed. The Holmes-Houtermans model is 
not able to give any meaningful age for these samples as they seem to have formation ages in the future, as any isochron that would 
connect these points to the primaeval lead would give t corresponding to future dates;  
b: is an illustration of a two-stage Pb-Pb isotope model that is similar to the single-stage model, but it is possible to see that the 
isotopic composition of Earth’s mantle increases at one point after formation, in this case to µ=9. From that time the new isochrons 
(green straight lines) are calculated and used to determine the age of minerals. 
 
2.2.1: heterogeneity of lead deposits and its implications 
 
The different conditions leading to the formation of lead deposits must be considered 
when lead isotope analyses are used to study lead-containing objects. The degree of 
isotopic heterogeneities in ore bodies is crucial for the correct interpretation of the data, 
determining the accuracy of lead isotope provenance studies. Even if theoretically every 
lead deposit can have a unique isotopic signature, from the literature it is known that many 
deposits formed at the same time or in the same region have comparable lead isotope 
compositions. Literature data suggest that isotopic variation of a massive sulphide deposit 
can be around ± 0.1-0.3% for the 206Pb/204Pb (Gulson 1986), with some deposits showing 
much greater variation (e.g. Pb-Zn sulphides deposit in Upper Mississippi Valley ~ 9%). 
Isotopic variation has also been found within a single crystal of galena (13 cm) from Buick 
Mine in Southeast Missouri that was as large as within the entire ore body (Hart et al. 1981). 
The heterogeneity of lead isotope ratios within a single deposit could suggest that objects 
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made of lead coming from the same place have different isotopic compositions, potentially 
leading to the misleading conclusions that objects have different places of origin. Stos-Gale 
et al. (Stos-Gale et al. 2009), however, pointed out that the local isotopic variation within a 
deposit should not be a problem for provenance studies. In fact, as variable the isotopic 
composition of a lead ore can be, the objects obtained using the metals from that source will 
always have lead isotope ratios values within the isotopic range of the whole deposit. 
Therefore the right provenance can be understood if the whole isotopic composition of the 
lead deposit is known. However, this is not always true as it is not possible to determine the 
whole isotopic composition of many exhausted lead deposits. This problem was already 
noted by Pollard (Pollard 2008).  
The correct characterisation of the lead source is possible only if the lead isotope 
ratios of different mines do not overlap and if the deposits have been properly characterised. 
An excellent example of potential problems in provenance studies is provided by 17th century 
Dutch lead white. Pb isotope data overlap with mines in Germany, Poland and England, all 
active in that period (more details in section 4). Unfortunately, while the production history 
of a mine may be known, the isotopic characterisation of the site is never complete (lack of 
analysis on deposits and missing information from exhausted mines), resulting in some 
uncertainty in the interpretation of provenance of objects based on lead isotope analysis.  
 2.3: Lead production and trade 
 
Lead, due to its low melting point and association in nature with the precious metal 
silver, was one of the first metals to be smelted by humans. Lead was considered a by-
product of silver production for several centuries and the usefulness of metallic lead was not 
widely recognised until the 17th century (Henderson 2013). Human use of lead in history 
starts around six millennia ago, and from this time lead production can be monitored by 
analysing ice cores from Greenland, where atmospheric lead pollution is recorded (Hong et 
al. 1994). Lead production has varied with developments within different civilisations. Peaks 
in lead pollution are dated at 2500 and 1700 years ago, which coincides with mining and 
smelting activity at the height of Greek and Roman civilisation. The peak of pollution and 
inferred production during the Roman period was not reached again until the industrial 
revolution (Hong et al. 1994, Cooke et al. 2015). During the Greco-Roman times, Spain was 
the main production centre producing around 40% of lead during the Roman Empire. 
Significant production sites also included Central Europe, England, Greece and Asia minor 
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(Hong et al. 1994, Fortunato et al. 2005, Pollard 2008, Stos-Gale et al. 2009, Cooke et al. 
2015). The fall of the Roman Empire in the 5th century coincides with decreased lead 
pollution as recorded from European lakes. Only after the 10th century did lead production 
started to rise again (Cooke et al. 2015). From this time on, the lead contents of lake 
sediments across Europe closely correlate and increase associated with rising lead 
production in Europe. By the 11th and 12th century, many of the old Roman lead production 
centres had re-opened in Germany, England and Spain. By the 16th century the main lead 
production centres were Germany, Poland and England, with the latter becoming the world-
leading lead producer in the 17th century. During the industrial revolution lead production 
exceeded that of the Roman Empire. Britain was no longer the leading lead production 
centre by the mid-19th century, as a result of the depletion of its mines combined with the 
re-development of lead mining in Germany, Spain, and a major expansion in the United 
States. In the same period, major lead deposits were discovered in Australia. At the end of 
the 19th century the United States became the leading global lead producer, and other non-
European countries, such as Canada, Mexico, and Australia, started to extract and process 
the metal. At this point, European lead production was surpassed for the first time by non-
European (Rich 1994). Today, Australia is the world's leading producer and exporter of lead, 
with large mines at Broken Hill in New South Wales, Mt. Isa and Hilton in Queensland and 
McArthur River in the Northern Territory. 
 
2.3.1: Lead production in 15-17th century Europe 
 
In this section, a more detailed description of the lead production and trade in 16-17th 
century Europe is discussed, as the main focus of the thesis is 17th century paintings from 
the Netherlands. The lead production system in the 17th century is the result of a series of 
events that started in the 15th century and resulted in many fluctuations in the price of lead 
and changed the lead production industry across Europe. Historical records of lead 
production show that between 1450 and 1560, known as the age of ”Saigerprozess”, the 
European lead production increased considerably, from 250 tons per year to 2250 tons, with 
a peak around the 1530s with a yearly production of 4200 tons (Blanchard 1995). During 
this period the price and the use of lead were strictly connected with the price and smelting 
of silver. Silver was refined via the Sigerprozess, also known as liquidation and drying 
process, by extraction from argentiferous copper with great quantities of lead. The 
Saigerprozess relies on silver’s strong affinity for lead and on copper-lead liquid-liquid 
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separation at high temperatures. Within a melt, this causes silver to rapidly complex from 
the silver rich-copper (e.g., black copper) to the lead, lead and copper are separated and 
the silver-rich lead can be re-melted and pure silver obtained. At the height of silver 
production in the 1530s, it was estimated that around two-thirds of lead in Europe was used 
to treat argentiferous lead (0.4-0.55 cwt (cwt =hundredweight) of lead for 1 cwt of black 
copper(Blanchard 1995)). 
The main lead producers in this period were Germany, Poland and England, 
however, the outputs were not constant, as the lead price varied greatly associated with the 
fluctuating price of silver, making the extraction of lead profitable only in some periods. Due 
to different production costs, the main commercial output of lead shifted between Germany, 
Poland and England several times (Blanchard 1995). European lead output increased 
constantly between 1450-1560, as the growing production of silver required increasing 
amounts of lead. Therefore new lead mines were opened and new technologies developed 
to sustain the silver production. During this period, differences in lead production started to 
emerge between continental Europe and England. In continental Europe, where the 
production of lead was concentrated in Germany and Poland, this translated to the 
increasing exploitation of the existing mines, implementing new technologies that allowed 
extraction of lead from deep ore bodies, as well as the development of methods, to avoid 
tunnel flooding (Blanchard 1995). In 1530 new mines were opened in Poland that was the 
main source of lead for the European market in the period 1530-1540 (Blanchard 1995). The 
mining industry in continental Europe, however, was expensive due to its high technological 
levels, a dedicated workforce and government taxation. Its activity was only profitable when 
the price of silver was high and demand increased (Blanchard 1995, Burt 1995).  
The lead production system was different in England due to its geographical isolation 
and the characteristics of the lead deposits and the mining industry system. In the period 
1460-1560, Britain’s lead mining industry relied on small-scale, low-capital medieval 
techniques (Burt 1995) using shallow Pb-rich ores and therefore did not rely on expensive 
technology and a specialised workforce for depth mining. Therefore the workforce, in 
contrast with the European lead industry, was not “proletarianised” dedicated labour, but 
composed of part-time miners that had agriculture as their main income (Blanchard 1995, 
Burt 1995). These characteristics gave the English mining industry flexibility and low costs 
and left the field open to private enterprise as it was not influenced by government controls 
and regulations (Blanchard 1995). When the demand for lead increased in Europe and lead 
trading was profitable, England’s lead mining industry was able to adapt, for instance moving 
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production to regions where lead-rich ores were shallow and more abundant, such as in 
Derbyshire and The Mendips. New trading routes to the continent were opened, mainly from 
Hull and then from London (Blanchard 1995). These changes were the basis for the stable 
lead production industry that saw England become the main lead producer in the 17th 
century. 
The first major change in European lead production took place in 1545-1549 in 
England as a result of the dissolution of the monasteries, which led to monastic lead, 
stripped from the monasteries around the country, flooding the World market, lowering the 
prices. This caused economic havoc in the central-Europe mining districts where the 
production of lead was relatively expensive (Blanchard 1995, Burt 1995). From this point, 
England became the main lead producer. In addition, the lead market was further changed 
due to the discovery of the amalgamation technique (patio process) in 1560. The 
amalgamation was a new method to refine silver that used mercury to create an Hg-Ag 
amalgam from which silver is then extracted via roasting. This allowed the extraction of silver 
more efficiently and together with the import of large quantities of precious metals from the 
Americas, caused the complete collapse of the Ag, Cu and Pb industry in central Europe. 
Even though the demand for lead dropped dramatically, the lead industry in England 
managed to survive due to the production of cheap lead and the emergence of others 
demands that required large amounts of lead. English lead, thanks to its cheap price, started 
to be used in everyday life to create kitchenware, house roofs, guttering in the construction 
industry, as an external house paint (red), water pipes, etc. (Burt 1995). The sector that saw 
the greatest expansion was the use of lead in warfare, which at the end of the 16th century 
was a market in continuous and great expansion. The extensive use of Pb in daily life also 
managed to create a sector dedicated to the repair and re-cycling of Pb (Blanchard 1995, 
Burt 1995). 
The production of cheap lead in England was possibly due to a series of technical 
innovations, the main one being the development of a new furnace smelting technique in 
Mendip that achieved higher temperatures. This technology allowed lead to be extracted 
from material previously considered waste (low content ores, slag) and hence the re-use of 
readily available mining waste accumulated over centuries. The furnace technology was 
exported to Derbyshire, which then became the main lead centre of production of England, 
and Europe, from 1560 (Blanchard 1995). This series of events allowed English lead export 
to increase from 450 tons in 1540 to 12300 tons in 1630 making England the major producer 
of Pb in the 17th century (Blanchard 1995).  




3: Lead isotopes ratios in paintings; an overview 
 
Lead isotope analysis of lead white in paintings has been used since the 1970s 
(Keisch et al. 1976). Early studies of the isotopic composition of lead white provided 
information about: i) pigment provenance; ii) identification of artistic periods which can lead 
to; iii) distinguishing between modern and historical lead white; iv) attribution of paintings. 
Determining the origin or provenance, of lead in the lead white of a painting can 
provide valuable information to help understand where the pigment, and by inference where 
or in which time period a painting, was created. The provenance of a painting, or any object, 
can only be determined by direct comparison to data obtained from lead ore deposits. 
Ideally, isotopic analysis of ore minerals should be confined to lead deposits that were active 
at the time of the creation of the artwork, to avoid data misinterpretation. One problem in 
using the database containing lead isotope ratios of European galena is that the many 
regions that produced lead contemporaneously have similar isotopic compositions, Figure 
7. Moreover, some data, collected before the advent of the last generation multi-collectors, 
seems to be affected by unresolved instrumental mass fractionation, which can potentially 
give misleading information. For example, the Greek data in Figure 7 define a steep slope 
that is equivalent to ~3/2, the mass difference between the isotopic ratios (more explanation 
on mass dependant fractionation in Appendix 1). 
 




Figure 7: Lead isotope ratio figure showing the 206Pb/204Pb and 207Pb/204Pb ratios for lead deposits in Europe. The data are taken from 
the literature (e.g. Fortunato et al. (Fortunato et al. 2005) and Oxford lead isotope database OXALID). In the figure it is possible to 
see that the range of lead isotope ratios of ores overlap in parts of as Poland, Germany and England. The red circle indicates the area 
for some 17th century Dutch/Flemish paintings (Fortunato et al. 2005, Fabian et al. 2010). 
Figure 7 compares the Pb isotope ratios from lead white present in 17th century 
Dutch/Flemish paintings (Fortunato et al. 2005) with European galena isotopic values from 
regional lead deposits and it is evident that the lead white samples fall into an area 
characteristic of three different countries, Poland, England and Germany, the main 
producers of lead in the 16-17th century. Based on these data Fortunato et al. (Fortunato et 
al. 2005) concluded it is impossible to identify the provenance of a work of art based on lead 
isotope ratios alone. If the additional information about the mining industry in Europe during 
the 17th century is taken into account, however, it is most likely that the lead has an English 
origin, probably Derbyshire, as this region was the most active for the production and trade 
of lead in the 17th century (Blanchard 1995, Burt 1995) and these mines have 
indistinguishable Pb isotope ratios. Importantly, Fortunato et al. 2005 and Fabian et al. 2010 
(Fortunato et al. 2005, Fabian et al. 2010) were also able to distinguish between lead white 
used in Italy and the Netherlands in the same period. The marked isotopic difference 
between Italian and Dutch lead white is particularly useful due to the many study visits made 
by Dutch painters in the 17th-century to Italy. The Pb isotope differences make it possible to 
recognise if a painting was made by a painter while studying abroad, as it is unlikely that 
painters would have taken pigments with them when local sources were available. These 
data open a way to interpret lead isotope data for paintings that is not based on provenance 
of the lead but rather on the separation of lead white isotopic compositions defined by artistic 
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group. In this way it is possible to distinguish paint samples according to region and historical 
period, obtaining valuable information useful for attribution and identification of paintings or 
to investigate paintings made during artists’ trips around Europe. Unfortunately, the current 
state-of-the-art is that we have limited Pb isotope data from dated/well-provenance paintings 
from regions and periods other than Italy and the Netherlands in the 16 and 17th centuries, 
primarily due to the difficulty in obtaining samples for (destructive) micro-analysis.  
Lead isotope ratios of lead white can also help identify and date modifications made 
to paintings. If a painting has been restored several decades or centuries after its initial 
production, it is almost inevitable that lead isotope analysis will reveal different isotopic 
signatures of lead white. In their pioneering work, Keisch & Callahan (Keisch et al. 1976) 
analysed 429 paintings produced between the 13th and the 20th centuries and saw that 
lead isotope composition of lead white change over time. Significantly, the data show that 




Figure 8: Variation of the 206Pb/204Pb ratio for lead white used in different centuries. There is increased variation after the 
18th century associated with the advent of the industrial revolution and the increased demand for lead that resulted in the expansion 
of mining. Figure is a recreation after Keisch et al. 1976 (Keisch et al. 1976) 
The increase in variability of lead isotope ratios of lead white in modern times was 
also reported by Fortunato (Fortunato et al. 2005). They compared data from Flemish and 
Dutch paintings with samples of “modern lead white”. The study reports that a sample (G26-
G) from a Rembrandt workshop painting, Minerva in her study (Mauritshuis, The Hague) 
falls into the region of modern lead white consistent with the fact the sample was taken from 
an area of the painting that was restored most probably at the end of the 18th century. In this 
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case, lead isotope ratios were able to distinguish between different generations of lead white 
used on an individual painting. In this context, it is notable that the lead isotope ratios of lead 
white changed after the 18th century. This change happened in a period when the world was 
going through unprecedented socio-economical change, with the advent of the industrial 
revolution and the establishment of extensive extra-European lead production. These long-
term temporal changes can be used to identify later retouching on paintings made before or 
after a certain period and could be a powerful tool to identify forgeries, although it cannot be 
ruled out that modern forgers used historic lead white.  
This thesis presents a comprehensive study of the application of lead isotope analysis 
to expand the current knowledge of the origin of lead white pigment used in historic 
paintings. Currently, the focus of lead isotope analysis of lead white paints by institutions or 
art researchers is limited to identifying the provenance of the pigment. This approach, 
however, is limited as it only provides partial information, especially because of the quality 
of the published lead isotope data of lead deposits, which does not systematically cover all 
the historical mines used in the 17th century to produce lead white. Moreover, these data 
may be affected by mass-dependent induced analytical error. The approach described in 
the following chapters will base the data analysis on the comparison of lead white used in 
paintings made in different time/periods and geographical regions, with a focus on creating 
a database containing information on the isotopic composition of lead white used in historic 
paintings. In this way, the connection between lead isotope ratios of lead white, the use of 
the pigment for different purposes and the variation of lead isotope ratios in space and time 
can be used to obtain new information that will contribute to the study of paintings and aid 
in cultural heritage research.  
Great attention was given to the development of a new analytical method, with a focus 
on a minimally destructive sampling strategy. This is discussed in chapter 2. Coupled with 
analysis using 1013 Ω resistor amplifier beam detection, these improvements were 
considered crucial to maintaining the quality of data while following a minimal intervention 
approach, a fundamental tenet in cultural heritage research to minimise damage to paintings 
for the preservation of the artworks for future generations. Another important output of this 
research was to establish how to use lead isotope data and what kind of information can be 
obtained using this technique. In chapter 3 the topic of the variability of lead isotope ratios 
of lead white within a painting, with the implication related to the sampling and data 
interpretation, is addressed. Chapter 4 is focused on building a comprehensive database for 
17th-century Dutch paintings, and the time-dependent variation of lead isotope ratios of lead 
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white in the 17th century is discussed. Finally, Chapter 5 shows how lead isotope data can 
be integrated with data obtained by other analytical techniques in a holistic study of a 
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CHAPTER 2: A MICRO-INVASIVE METHOD FOR STUDYING LEAD 
ISOTOPES IN PAINTINGS 
 
P. D’Imporzano, K. Keune, J. M. Koornneef, E. Hermens, P. Noble, K. van Zuilen and G. R. Davies 






A micro-invasive technique is presented that enables pigment sampling from 
individual layers of a painting cross-section by obtaining a furrow 10-50 μm wide of chosen 
length. Combined with increased sensitivity of lead isotope analysis using MC-ICPMS 
equipped with a 1013 Ω resistor or a Pb double spike technique, the amount of Pb needed 
for isotopic analysis is drastically reduced, while maintaining a relative 2sd precision on 
206Pb/204Pb < 0.02%. The methodology proved able to characterise Pb isotope differences 
within paint layers. 
 
 





Historically, lead white is the most important white pigment used in easel painting 
until the nineteenth century when the more transparent white, zinc oxide, was introduced 
(Eastaugh 2004). In the early 1920s a similarly opaque alternative, titanium white, became 
commercially available. Lead white was synthesised by exposing metallic lead to acetic acid, 
either by submerging it in vinegar, or by the Dutch so-called ‘stack’ process where strips of 
metallic lead were placed over vinegar in earthenware pots, surrounded by manure which 
provided heat and carbon dioxide to speed up the process. This would be covered with 
wooden boards, to hold the next stack of pots, etc. After several months the lead was 
covered with the white basic lead carbonate, 2PbCO3.Pb(OH)2. This would be scraped off, 
washed and dried (Eastaugh 2004).   
The interest in isotopic analysis of lead white stems from the fact that lead has 4 
isotopes (204Pb, 206Pb, 207Pb and 208Pb), of which only the 204Pb is not formed by the 
radioactive decay of U and Th (Faure 1986). Lead is found in ore deposits worldwide and 
its isotope abundances are a function of the age of the ore deposit and the different 
geological processes that produce variable U, Th and Pb contents in the ore minerals. Over 
geological time, different U/Pb and Th/Pb ratios produce different Pb isotope ratios: 232Th 
decays to form 208Pb increasing the 208Pb/204Pb ratio while 235U and 238U decay to form 207Pb 
and  206Pb, respectively increasing 207Pb/204Pb and 206Pb/204Pb ratios while at the same time 
producing variable 208Pb/206Pb, 207Pb/206Pb and 207Pb/208Pb ratios (Faure 1986). Therefore 
different Pb deposits worldwide have different Pb isotope compositions from which it may 
be possible to reconstruct the provenance of the Pb that makes up pigments or artefacts.  
Lead isotope analysis on lead-white pigments has been performed since the 1970s 
to determine the provenance of the lead (Keisch et al. 1976). Within Europe, however, some 
mines have overlapping Pb isotope compositions potentially complicating the interpretation 
of Pb isotope measurements (Stos-Gale et al. 2009, Blichert-Toft et al. 2016). This is the 
case for some British, German and Polish mines. Importantly, however, these mines were 
generally not in production at the same time. With this knowledge, it may be possible to 
provide unambiguous attribution for the source of Pb (Gulson 1986). For example, due to 
different production and trade histories, it is possible to easily distinguish between Flemish 
and Italian lead white because geologically distinct Pb ores were used in the manufacture 
of lead white north and south of the Alps (e.g., Fortunato et al. 2005, Fabian et al. 2010). 
Therefore both the history of lead trade, as well as the active production periods of individual 
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mines, may potentially add relevant information to art historical research into the attribution 
of paintings, their geographic provenance and dates (Pollard 2008). In the field of painting 
research, however, few extensive studies have been made since the first use of this 
technique, the most notable being the work of Keisch and Callahan 1976, Fortunato et al. 
2005 and Fabian and Fortunato 2010. Lead isotope analysis is being used for painting 
authentication/attribution purposes (Leeuw 2013, Tummers 2019). There are, however, 
major limitations in such provenance/authentication studies. First, there is no detailed 
database containing information on the lead isotopes of lead white in paintings with an 
authenticated provenance history. Second, a large proportion of existing Pb isotope data 
from ore samples and pigments was obtained before the introduction of the latest generation 
multi-collector mass spectrometers and consequently may suffer from mass dependant 
instrumentation artefacts, which limits the usefulness of some published data.  
The third and major issue that hinders such research is the invasive/destructive 
nature of the technique. Pictorial material for lead isotope analysis is obtained by manually 
sampling the painting with a scalpel, a procedure usually performed by trained conservators. 
Manual sampling, usually as scrapings of lead white areas only, obtains between 10-150 
micrograms of material that is subsequently dissolved for chemical purification and isotopic 
analysis. The destructive nature of sampling has, in the past, limited the number of samples 
available to build up an extensive lead isotope database for lead white. Modern mass 
spectrometry, however, requires only a few to tens of ng of Pb for precise lead isotope 
analysis, meaning a few micrograms of paint material is required (Koornneef et al. 2019). 
This represents much smaller amounts of material than sampled using a scalpel.    
Direct sampling from paintings, however, is not the only way to access pictorial 
material. Many paint samples, taken for conservation research, already exist as embedded 
cross-sections containing stratigraphy of paint layer build-ups. The ability to access and 
study these samples represents a huge opportunity to expand the knowledge on lead-based 
pigments. Moreover, the study of separate paint layers would allow the heterogeneity of lead 
isotopes to be determined within and between different pictorial layers and throughout an 
individual painting. Sampling from a paint cross-section offers new opportunities and 
increased access to the material. However, to be able to preserve the cross-section, a 
minimally invasive sampling technique needs to be designed. 
This work is part of a collaborative study between the Rijksmuseum and the Vrije 
Universiteit Amsterdam to address the above issues and to establish if there are variations 
in the Pb isotope composition of lead white used in European paintings that could potentially 
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be applied to provenance-authentication purposes. Specifically, this paper reports a new 
approach to analysing Pb isotopes in lead-white pigment that minimises the damage to paint 
cross-sections, providing museums with a quick, precise and minimally-destructive method 
applicable to a broad range of paintings. This goal has been achieved by improving the 
analytical method in two ways. First, the design and manufacture of a method that allows 
precise sampling of μg of pigment from paint cross-sections. A minimally invasive sampling 
of cross-sections preserves most of the cross-section so that it can be used for further 
analysis (XRF, Raman, SEM, TEM etc.), allowing conservators and art historians to obtain 
a holistic analysis of the sample and artwork. Second, developing methods on a multi-
collector inducted couple that use a Pb double spike technique or a 1013 Ohm resistance 
amplifier to obtain precise isotopic data on small samples containing, ≤ 20 ng of Pb.   
Using a mix of 1011 and 1013 Ω resistance amplifier, where the 1013 Ω amplifier is 
mounted on the cup collecting the 204Pb beam (the least abundant Pb isotope), allows a 
drastic reduction in the amount of sample (Klaver 2016). The use of a high-resistance 1013 
Ω resistor increases the signal intensity by a factor of 100 while the noise increases by only 
a factor of 10, improving the signal-to-noise ratio tenfold according to the Johnson-Nyquist 
noise equation (Koornneef et al. 2014). In this way, it is possible to reduce the amount of 
sample ten times and still precisely measure the 204Pb beam. Previous workers have 
managed to reduce the amount of lead used for analysis using a combination of different 
resistor amplifiers. For example, lead isotope ratios were determined on small glass samples 
using ultraviolet femtosecond laser ablation MC-ICPMS equipped with a mix of 1011,  1012 
and  1013 Ω resistor amplifiers (Kimura et al. 2015). Lead isotope ratios involving 208Pb, 207Pb 
and  206Pb were precisely determined but the accuracy of 204Pb based isotope ratios, 
important in geochemical studies,  were poor due to 204Hg interference. 
Isotope analyses on an MC-ICPMS are always subject to large instrumental mass 
fractionation. Correction of this fractionation is typically done by analyses of reference 
materials with known isotopic composition in between analyses of unknown samples (so-
called standard sample bracketing, SSB). Using the known isotopic composition of the 
reference material, an instrumental mass fractionation factor can be calculated and 
interpolated for sample analyses. This approach, however, can neither correct for short-term 
fluctuations of the instrumental mass fractionation nor for differences in instrumental mass 
fractionation between sample and reference material caused by variations in the sample 
matrix. The well-established double spike (DS) technique, which requires at least four stable 
isotopes on an element, allows for internal correction of the instrumental mass fractionation, 
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making the correction time-independent (Dodson 1963). In the case of using a 207Pb-204Pb  
double spike a sample has to be measured twice, once as a natural sample and once with 
the double spike added. This approach further allows for correction for potential mass 
fractionation that may occur during chemical sample preparation (Schoenberg et al. 2016). 
The 207Pb-204Pb double spike technique is fully described in the literature (Woodhead et al. 
1995, Thirlwall 2000, Thirlwall 2002).  
 
2: Materials and methods 
 2.1: Micro sampling of cross section 
 
A precisely controlled sampling tool has been developed at the Vrije Universiteit of 
Amsterdam, Fig. 1a. The concept behind the “micro-scalpel” was to enhance the manual 
scalpel procedure, substituting the human hand with high-precision controls that are able to 
move the tip of a scalpel with micrometre precision. The instrument is designed to allow 
sampling directly from a paint cross-section. The use of the tool allows control of the amount 
of material that is sampled, minimising the amount of material sampled thereby reducing 
material damage and wastage. A sample is obtained by moving the tip of a scalpel across 
a paint cross-section. The width of the sampling furrow varies by up to 50% dependent on 
the rheology of the paint. Typically a sample furrow is between 10-50 µm in width. The depth 














Figure 1: (a) Micro-scalpel schematisation: 1) cross section holder; 2) handle that rotates 1 in order to align it with the scalpel (6); 3, 
4, 5) handles that control the x, y, z movements of the scalpel, respectively, each has a minimum resolution of 10 µm; 6) scalpel 
sharpened on lower surface, tip width ca. 5 µm; 7) camera. (b) SEM image of a painting cross-section sampled using the micro scalpel. 
The image shows a comparison of a furrow made in epoxy on the left (blue highlight) and the sampling furrow on pictorial material 
(yellow and red).  To ensure optimal scalpel alignment as well as optimal width and length of the pictorial layer sample to be taken, 
a furrow is first made in the epoxy resin adjacent of the target layer (blue). The sampling starts with an incision in the epoxy close to 
the layer of interest (yellow). The scalpel is then moved to collect the pictorial layer material (red). The amount of sample partly 
depends on the state of the cross-section, i.e., the brittleness of the paint is a major factor in how much material is removed. The 
wide, upper part of the shown “red furrow” represents an area where a large paint fragment was liberated. Paint cross-section SK-
A-32-2, Rijksmuseum, Amsterdam. 
 
The result of iterations of a proto-type is a portable tool, 20 cm long, 10 cm wide and 
10 cm high that weighs ~ 2 kg, and can be transported easily to any museum and set up in 
minutes. Sampling a cross-section in a micro-invasively manner requires around 10 minutes. 
The procedure includes cleaning the scalpel to avoid potential cross-calibration. The camera 
allows the operator to sample exactly, be it a single pictorial layer or single particles of lead-
white. The micro-scalpel has 4 degrees of freedom (x, y, z, plus the angle between the cross-
section and the scalpel). Due to its high spatial resolution, the micro-scalpel is operated 
under a microscope to obtain an optimal view of the sampling site. The sampling procedure 
consists of placing the cross-section in the cross-section holder, (1) in Figure 1a. Then the 
cross-section layers of interest are aligned parallel to the scalpel’s tip, (6), using the 
micrometre screw control (2). The scalpel is cleaned between each sampling with alcohol 
and Milli-Q water. Using the microscope and the micrometres, (3), (4) and (5), the tip of the 
scalpel can be guided into the correct position on the cross-section and a sample taken. The 
sample is collected with the help of an adhesive tape and placed in a 1.5 ml centrifuge tube, 
previously cleaned with double distilled 3M HCl. The adhesive tape introduces a negligible 
amount of environmental Pb to the sample. After the sampling, the cross-section can be re-
polished and is then ready for storage or further analysis.  
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2.2: Cross section Mock‑up validation 
 
To validate the methodology, a paint mock-up was prepared. The micro-scalpel was 
tested on a cross-section mock-up composed of four layers of white paint on canvas. The 
micro-scalpel was used to sample each layer of the mock-up separately and analysed for 
Pb. The layers, starting from the canvas are: 1- lead white (LWA), 2- titanium white (not 
analysed), 3- lead-white (LW2017) and a final layer of lead-tin-yellow (LTY).  The pigments 
used for layers 1, 2 and 4 were taken from a cabinet in the Rijksmuseum Ateliergebouw. 
The lead-white used to create the third layer was made following the Dutch-stack process 
starting from commercial lead. The pigments were characterised for Pb isotope composition 
by conventional sample standard bracketing MC-ICPMS analyses (see below) and are 
isotopically distinct (Table 1), to allow any cross-contamination to be assessed. The paint 
was applied to produce layer thicknesses of around 100-200 µm, to compensate for 
shrinking during the artificial ageing.  Heat-bodied linseed oil was used as a medium for the 
pigments. After the last layer was applied the mock-up was aged for 24 hours using the UV 
light.  
 2.3: Pb purification:  
 
The Pb purification method was modified after Klaver et al., 2016 (Klaver 2016). The 
samples, placed in a 1.5 mL microcentrifuge tubes, were digested in an ultrasonic bath for 
1 hour in 1 mL double distilled 3M HNO3. The solution is then transferred to a pre-cleaned 
7 mL Teflon beaker. The solution is dried down on a hotplate overnight. The residue is re-
dissolved in 200 µL twice distilled 0.7 M HBr and passed through AG® 1-X8 Anion Exchange 
Resin (analytical grade, 200–400 mesh, chloride form). After eluting the matrix in 0.7 M HBr, 
the Pb fraction is obtained in 6.5 M HCl, dried down overnight and then nitrated with 50 µL 
double-distilled 65% HNO3 and finally dried down and dissolved in 1 ml double distilled 1% 
HNO3. A 50 µL aliquot of this solution is analysed using an X-Series II inductively coupled 
plasma mass spectrometer (ICPMS) (Thermo Scientific) to determine the Pb content. Once 
the Pb content is known, a 1.7 mL 50 ppb solution of Pb in 1% HNO3 is prepared for analysis. 
Total procedure blanks are prepared following the same procedure and spiked with a 208Pb 
spiked solution with known isotopic composition to determine the amount of Pb in the blank 
using the isotope dilution method. The analytical blank varied between 5 to 50 pg of Pb.  
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3: Pb Isotope analysis by MC-ICP-MS 
 3.1: Standard sample bracketing 
 
Large lead samples (> 80 ng) are routinely analysed at the VU of Amsterdam by 
standard sample bracketing (SSB) on a 50 ppb solution of Pb using a Thermo Scientific 
Neptune MC-ICPMS. This method requires around 80 ng of Pb to have a 1.7 mL solution. 
Measurements were performed using a desolvating nebuliser system CETAC Aridus II 
operating at approximately 4-5 L/min of Ar sweep gas, 0.01-0.02 L/min nitrogen and 
temperature settings of 110 °C for the spray chamber and 160 °C for the membrane. The 
room is kept at a constant temperature of 20 ± 1 °C. After the instrument was tuned it was 
allowed to stabilise for 2-3 hours. Pb signals were usually ~ 0.2 V/ppm on Faraday cups 
equipped with a 1011 Ω amplifier. A gain calibration was performed on the 1011 Ω amplifiers 
once per week. Analysis consisted of 1 block of 100 cycles of 4 sec integration time. 
Instrument operating parameters were:  RF power [W]: 1290; mass assignment to Faraday 
cup detectors: 201Hg L4, 202Hg L3, 204Pb L2, 205Tl L1, 206Pb C, 207Pb H1, 208Pb H2, 209Bi H3. 
The long term precision, expressed as 2 standard deviations over a 2 year of time, is 
0.0031 on 206Pb/204Pb, 0.0034 207Pb/204Pb on and 0.00114 on 208Pb/204Pb. 
 3.2: 1013 Ω resistor: 
 
The use of 1013 Ω amplifiers reduces drastically the amount of sample needed for 
analyses without affecting the precision and the accuracy of the measurement. Here, the 
SSB method is used with a 1013 Ω resistor amplifier connected to the Faraday cup which 
collects the 204Pb beam, while all the other Faraday cups were connected to 1011 Ω 
amplifiers. This setup reduces the noise on the small 204Pb ion beam, improving the 
precision on any Pb isotope ratio involving 204Pb (Klaver 2016). Data acquisition consisted 
of 1 block of 100 cycles of 4 seconds integration with uptake of 150 µL/min, consuming 
around 1.5mL of solution. As the 1013 Ω amplifier has a slower response time than the 1011 
Ω amplifier, a Tau factor was used to correct for this difference (Kimura et al. 2015). This 
method was tested running multiple analyses of 5, 10 and 20 ppb Pb solutions of NBS981, 
corresponding to a sample amount of 7.5, 15 and 30 ng of Pb, respectively. The long-term 
precision was monitored over several months (July-November 2019). 
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3.3: Double Spike Method 
 
Details of the 207Pb-204Pb double spike (DS) composition have been published 
previously (Klaver et al. 2015). Using this double spike requires separate analyses of a 
natural and a DS mixed solution. This was achieved by dividing the sample into two aliquots 
and spiking one 1:1 with the 207Pb-204Pb DS. The DS was added to three different natural 
Pb (Pbnat) concentrations of NBS981: 5 ppb, 10 ppb and 20 ppb. A sample analysis 
comprised 3 blocks of 30 cycles of 4 seconds integration and required 1.5 mL of solution 
with uptake of about 150 µL/min. Because a sample must be analysed twice in the DS 
method, the amount of Pb needed for the analysis of the three different concentrations was 
15, 30 and 60 ng, respectively. In this study, only 1011 Ω amplifiers were used in combination 
with the DS technique. Raw data were reduced using the iterative solution reported by 
Compston et al. 1969, with the only difference that the linear fractionation law has been 
replaced by the exponential law. To have an estimation of the long-term precision of the 
double spike method, the reference material NBS981 was analysed over several months 




The Pb isotope results of three of the pigments used for the mock-up are reported in 
Table 1 and shown in Figure 2. The pigments were analysed as raw material (80 ng Pb in 
SSB mode with 1011 Ω amplifiers) and after sampling with the micro-scalpel. The material 
sampled with the micro-scalpel was analysed using different analytical methods. The results 
demonstrate that the isotopic ratios for the individual pigments analysed as raw material and 
from the cross-section obtained with the micro-scalpel are indistinguishable within 
uncertainty (Figure 2a-c). Thus, it was possible to sample a single layer of paint without 
contamination from the adjacent layers (Figure 2d). 
The reference material NBS981 was analysed multiple times in three different 
concentrations, corresponding to sample amounts of 7.5, 15 and 30 ng of Pb, respectively, 
using both amplifier configurations as described above and the SSB correction method 
(Table 2 and Figure 3a). All data are accurate within uncertainty (Thirlwall 2002). In general, 
the long-term precision (2sd) improves with increasing Pb concentration, and using a 1013 
Ω amplifier for the 204Pb beam improves the long-term precision compared to the standard 
1011 Ω amplifier configuration (Figure 3c). In particular, analyses of 7.5 ng Pb (corresponding 
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to a 5 ppb solution) with the 1013 Ω amplifier resulted in a 2sd precision which is comparable 
to that of a 50 ppb Pb solution using only 1011 Ω amplifiers (Table 3 and Figure 3c). 
The double spike technique (Table 2 and in Figure 3b) was tested with 1011 Ω 
amplifiers only. Again, the data obtained for NBS981 were accurate within uncertainty 
(Thirlwall 2002). The long-term precision improves with increasing Pb concentration but is 
in general poorer than for the SSB technique (with and without 1013 Ω amplifier) with Pbnat 
concentrations < 20 ppb (Figure 3c). 
 
 
Figure 2: (a) – (c) Results of the analyses of the three lead-based pigments. The results obtained using the different analytical methods 
(SSB – standard sample bracketing, DS – double spike) on the pigments sampled from the cross-section with the micro-scalpel are 
plotted together with the data obtained for the raw pigments by SSB on 1011 Ω amplifiers. Error bars represent the 2sd precision of 
the analytical method used for the isotopic analysis (values reported in Table 1). Rp = analysis on raw pigment (i.e., pigment was not 
applied on canvas), sp = analysis on sampled pigment (i.e., pigment was sampled from the mock-up via micro scalpel). If not stated 
otherwise in the legend, analyses were performed with 1011 Ω amplifiers. (d ) Comparison of Pb isotope composition of the three 
pigments. 2sd uncertainties are smaller than symbol size. 
 
 





Figure 3: Measured 206Pb/204Pb ratios of different amounts of reference material NBS981. (a) Analyses corrected with the double 
spike method compared to the true value of the NBS981 (Thirlwall, 2002). For each sample size of Pb analysed, the mean is indicated 
by a solid horizontal line, the 2sd precision of the replicates is represented by the blue shaded area. Internal 2se errors are smaller 
than symbol size. (b) Analyses with the 1013 Ω resistor amplifier on 204Pb. The true value of the NBS981 (Thirlwall, 2002) is shown 
for comparison. Mean and 2sd of replicates as shown in (a). Internal 2se error bars are not shown (see supplementary info for the 
data and discussion). (c) Comparison between the long-term precision of the different methods. The long-term precision is reported 











 5.1: Micro scalpel sampling  
 
The micro-scalpel method proved to be precise, easy to use and fast in sampling 
cross-sections. Despite ageing, the mock up, however, likely has different mechanical 
properties compared to historical paintings. Sampling several historical cross-sections has 
shown that different layers in a painting have different physical properties and care is 
required to obtain optimal sample sizes. Paint layers of ancient paintings are generally more 
rigid and brittle than the mock up but were found to record a large range in rigidity. This can 
lead to differences in the quantity of material obtained during sampling.  Figure 1b shows a 
SEM image of a sampled cross-section from a historical painting. The blue area represents 
a desired sampling volume whereas the red area shows that a large particle was removed 
from one part of the furrow. However, even sub-optimal sampling with the micro scalpel, 
resulting in relatively large furrows, provides samples which are considerably smaller than 
samples obtained by manual sampling. 
 5.2: Double Spike technique 
 
The double spike method proved to be an efficient way to improve the measurement 
precision, however, only for relatively large sample sizes (> 60 ng). Despite using less 
sample material (60 ng for the two analyses on a 20 ppb Pbnat solution) the 2 sd of 
20xPb/204Pb is comparable or better than the 2sd obtained by the SSB method using 80 ng 
(50 ppb Pbnat solution) (Table 3). In particular, the precision of the 208Pb/204Pb ratio improved 
by a factor of two. For lower Pb amounts, however, the precision of this technique is 
relatively poor. That is, for 15 ng of Pb the long-term precision is about 4 times worse 
compared to analyses of the same amount of Pb by SSB using the 1011 Ω amplifiers only. 
Here, the signal intensity of the 204Pb beam in the natural run is the limiting factor. Typical 
204Pb signals were about 40 mV for a 5 ppb Pbnat resulting in a relatively low signal-to-noise 
ratio. This could be improved by using the 1013 Ω amplifier for 204Pb. However, due to the 
use of the 204Pb-207Pb double spike, the 204Pb beam of the spiked sample solution would be 
too large for the 1013 Ω amplifier and the use of a 1011 Ω amplifier is thus required for the 
spiked fraction. Using two different amplifiers for the natural and spiked analyses requires a 
precise and accurate determination of the gain factors of the amplifiers, which is not possible 
with the current hardware configuration of the Neptune MC-ICPMS at the VU Amsterdam. 
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Furthermore, a build-up of 204Pb and 207Pb memory in the sample introduction system of the 
mass spectrometer has been noticed during the time of data acquisition for this study. This 
non-natural background will especially affect natural analyses of low concentrations, thus 
further compromising the 204Pb signal, regardless of the amplifier. 
 5.3: Comparison of the analytical methods 
 
The long term 2sd precision is used as a criterion for deciding which method is best 
suited for which range of sample size (Table 3, Figure 3c). Based on these data, and taking 
into account the potential effect of the analytical blank and the quantity of material required 
for analysis, it is possible to conclude which method is most appropriate. When the sample 
size is not a limitation (i.e., > 80 ng of Pb), the SSB method using standard 1011 Ω amplifiers 
provides an excellent precision, with a long-term 2sd for the 206Pb/204Pb and 207Pb/204Pb 
ratios of 0.0031 and 0.0034, respectively. Thus, two samples having values of 206Pb/204Pb 
and 207Pb/204Pb with a difference larger than 4sd of the long term reproducibility, 0.0062 and 
0.0068 respectively, are analytically different and can be resolved.  The DS method allows 
a reduction of the amount of sample to around 60 ng (20 ppb Pbnat solution) while yielding 
a better precision (Fig. 3c). The method, however, requires two runs per sample and the use 
of a double spike solution, resulting in longer and more expensive analyses. Use of a double 
spike is especially advisable for analysis of Pb samples that cannot be completely separated 
from their matrix, which can alter the instrumental mass fractionation relative to the reference 
material and thus cannot completely be corrected with the SSB method.  
The SSB method using the 1013 Ω amplifier reduces the required amount of sample 
drastically (up to 10 times), while maintaining a 2sd precision comparable to an SSB 
corrected analysis of large samples (i.e, 80 ng) using 1011 Ω amplifiers. As this precision is 
sufficient to resolve the large isotopic differences recorded by Pb white pigments (Fortunato 
et al. 2005, Fabian et al. 2010) and thus to provenance individual pigments, the 1013 Ω 




The aim of developing a fast, accurate, precise, micro-invasive and micro-destructive 
method to sample and analyse painting material, while reducing the amount of sample 
needed for the analysis, has been achieved. The sampling procedure, using the “micro-
scalpel”, gives the operator the possibility to sample directly from cross-sections, allowing 
CHAPTER 2: A MICRO-INVASIVE METHOD FOR STUDYING LEAD ISOTOPES IN PAINTINGS 
54 
 
sampling of single layers. It is also possible to sample specific areas and/or particles of 
pigment. The collected sample retains the isotopic composition of the pictorial layer, allowing 
the characterisation of different lead white layers within a painting. In this way, it is possible 
to assess the heterogeneity of lead white within a painting. Importantly, sampled cross-
sections can be re-polished and re-used for other investigations.  
Different analytical methods were successfully developed that require only 
micrograms of paint samples to assess the isotopic values of lead white. In particular, the 
use of the SSB method with a 1013 Ω  resistor amplifier has been tested and shows promising 
results on the analyses of small samples. The long-term precision of this method on a 
sample containing 7.5 ng of Pb is comparable to the SSB method with standard 1011 Ω 
resistor amplifiers on 80 ng Pb. This means that the amount of sample has been reduced 
by a factor 10. The usage of a DS method allows a reduction of the amount of sample 
needed by ~ 40%, while retaining the same accuracy and improving the precision of the 
measurement. This method is especially suitable for samples with residual matrices after 
chemical separation of Pb, when high blank contributions due to repeated chemical 
purification are to be avoided. Further work is required to optimise a method that combines 
the DS technique with the use of 1013 Ω resistor amplifiers.  
 




















Table 1: Results of the analyses of the three lead-based pigments. The pigments were analysed as raw material and after application 
as paint on canvas (“sampled”). 








Table 2:  Pb isotope composition of reference material NBS981 analysed using the double spike (DS) technique and sample standard 







Table 3: Long term precision reported as two time the relative standard deviation 2RSD of the different analytical methods for 
the 20xPb/204Pb ratios.





Blichert-Toft, J., H. Delile, C.-T. Lee, Z. Stos-Gale, K. Billström, T. Andersen, H. Huhma and F. Albarède 
(2016). "Large-scale tectonic cycles in Europe revealed by distinct Pb isotope provinces." 
Geochemistry, Geophysics, Geosystems. 
Compston, W. and V. M. Oversby (1969). "Lead isotopic analysis using a double spike." Journal of 
Geophysical Research (1896-1977) 74(17): 4338-4348. 
Eastaugh, N., Walsh, V., Chaplin, T., and Siddall, R. (2004). The pigment compendium: A dictionary of 
historical pigments,. Amsterdam/London. 
Fabian, D. and G. Fortunato (2010). "Tracing white: a study of lead white pigments found in seventeenth-
century paintings using high precision lead isotope abundance ratios." Trade in artists’ materials: 
markets and commerce in Europe to 1700: 426-443. 
Faure, G. (1986). Principles of Isotope Geology, Wiley. 
Fortunato, G., A. Ritter and D. Fabian (2005). "Old Masters' lead white pigments: investigations of paintings 
from the 16th to the 17th century using high precision lead isotope abundance ratios." Analyst 
130(6): 898-906. 
Gulson, B. L. (1986). Lead isotope in mineral exploration. Netherlands, Elsevier. 
Keisch, B. and R. C. Callahan (1976). "Lead isotope ratios in artists' lead white: a progress report." 
Archaeometry 18(2): 181-193. 
Kimura, J.-I., Q. Chang, N. Kanazawa, S. Sasaki and B. Vaglarov (2015). "High-precision in situ analysis of Pb 
isotopes in glasses using 1013 Ω resistor high gain amplifiers with ultraviolet femtosecond laser 
ablation multiple Faraday collector inductively coupled plasma mass spectrometry." J. Anal. At. 
Spectrom. 31. 
Klaver, M. (2016). Dynamic of magma generation and differentation in the central-eastern Aegean arc. PhD, 
Vrije Universiteit Amsterdam. 
Klaver, M., R. Smeets, J. Koornneef, G. Davies and P. Z. Vroon (2015). "Pb isotope analysis of ng size samples 
by TIMS equipped with a 1013 Ω resistor using a 207Pb-204Pb double spike." J. Anal. At. Spectrom. 
31. 
Koornneef, J., C. Bouman, J. Schwieters and G. Davies (2014). "Measurement of small ion beams by thermal 
ionisation mass spectrometry using new 10(13) Ohm resistors." Analytica chimica acta 819: 49-55. 
Koornneef, J. M., I. Nikogosian, M. J. van Bergen, P. Z. Vroon and G. R. Davies (2019). "Ancient recycled 
lower crust in the mantle source of recent Italian magmatism." Nature Communications 10(1): 
3237. 
Leeuw, M., d. (2013). Jobarde, a Rediscovered Painting by Édouard Manet.  , DeltaHage bv. 
Pollard, M., Heron, C., (2008). Chapter 9 Lead Isotope Geochemistry and the Trade in Metals. 
Archaeological Chemistry (2), The Royal Society of Chemistry: 302-345. 
Schoenberg, R., A. Merdian, C. Holmden, I. Kleinhanns, K. Haßler, M. Wille and E. Reitter (2016). "The stable 
Cr isotopic compositions of chondrites and silicate planetary reservoirs." Geochimica et 
Cosmochimica Acta 183. 
Stos-Gale, Z. A. and N. H. Gale (2009). "Metal provenancing using isotopes and the Oxford archaeological 
lead isotope database (OXALID)." Archaeological and Anthropological Sciences 1(3): 195-213. 
Thirlwall, M. F. (2000). "Inter-laboratory and other errors in Pb isotope analyses investigated using a 
207Pb–204Pb double spike." Chemical Geology 163(1): 299-322. 
Thirlwall, M. F. (2002). "Multicollector ICP-MS analysis of Pb isotopes using a 207pb-204pb double spike 
demonstrates up to 400 ppm/amu systematic errors in Tl-normalization." Chemical Geology 184(3): 
255-279. 
Tummers, A., Wallert, A., and de Keyser, N. (2019). Supplementing the eye: The technical analysis of Frans 
Hals’s paintings. Burlington Magazine. 161 996–1003. 
Woodhead, J. D., F. Volker and M. T. McCulloch (1995). "Routine lead isotope determinations using a lead-





























































CHAPTER 3: LEAD ISOTOPE HETEROGENEITY IN LEAD WHITE: FROM 
LEAD WHITE RAW PIGMENT TO CANVAS 
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The heterogeneity of lead isotope ratios of lead white paints within individual paintings 
is evaluated. The analyses of five different 17th-century Dutch paintings, sampled in different 
locations, identify the presence of isotopic heterogeneity in lead white within a single 
painting. Pure pigment in the form of cones of 16th-century Venetian lead white, in contrast, 
was found to be isotopically homogeneous. The study evaluates the origins of the increased 













Lead isotope analysis has been widely used in archaeology and cultural heritage for 
the provenance of artefacts (Pollard 2008, Stos-Gale et al. 2009) and successfully applied 
to paintings to distinguish different sources of lead in lead white pigments (Keisch et al. 
1976, Fortunato et al. 2005, Fabian et al. 2010, Tummers 2019, van Loon et al. 2019). It has 
also proved possible to use lead isotope ratios to distinguish artistic groups, for example, 
Italian 16th-century- and Netherlandish 17th-century artists (Fabian et al. 2010). Lead isotope 
analysis on paintings, however, has always been limited by the amount of material and 
number of samples available, due to the imperative to avoid destructive analysis. The limited 
sample availability translates to a lack of knowledge on the variation of lead isotope ratios 
within and between paintings. Currently, there is little understanding of the level of isotopic 
variation within an individual artist’s oeuvre, a historical period or geographical region. More 
importantly, there is a lack of knowledge of lead isotope variation within a single painting. 
Therefore, the information that can be extrapolated from individual lead isotope analyses of 
a painting is limited and the interpretation of the results is based on poor constraints in 
relation to the temporal and spatial variations in lead based paints. An incomplete 
understanding of the isotopic variations in paintings makes analyses of the isotopic data 
open to interpretation, particularly when questions of authentication are involved. The Saint 
Praxedis (1655, Private Collection) tentatively attributed to Vermeer, is a good example  
(Wheelock 1986). One argument for the attribution to Vermeer is based on comparison of 
the lead isotope analysis of two lead white samples from the Saint Praxedis and a lead white 
sample from Vermeer’s Diana and her Nymphs (1653-4, Mauritshuis, The Hague, inv. 406). 
The Pb isotope analyses of the two paintings are statistically identical and this evidence was 
used to support an attribution to Vermeer (Christie’s London Auction Cat. July 2014, The 
Barbara Piasecka Johnson Collection, Lot 39.). The interpretation was based on the 
assumption that samples from works by the same artist have the same isotopic ratios. Based 
on the current state of knowledge, however, this assumption is not proven. On the contrary, 
the literature data show that the Pb isotope ratios of lead white can vary within the oeuvre 
of an individual artist (Fortunato et al. 2005). Using these considerations as a starting point, 
this paper aims to: 
- Characterise the level of lead isotope heterogeneity of lead white within a single 
painting, studying five individual paintings by four different Netherlandish artists from the 
17th century. Samples from different areas and layers in the paint build-up of the paintings 
are compared to characterise the level of isotopic heterogeneity.  




- Characterise the level of heterogeneity of lead isotope ratios within seven cones of 
pure 16th-century Venetian lead white pigment that were recovered in a shipwreck off the 
coast of Croatia (Radić Rossi et al. 2016). The results will be used to constrain the lead 
isotope variation in commercially manufactured lead white pigments and hence the variation 
expected within individual paintings. 
-Investigate the implications of any lead isotope heterogeneity in lead white for future 
data interpretation.  
- Use observations of the extent of lead isotope heterogeneity to advise on the basis 
for the creation of a comprehensive database containing information of lead isotope ratios 
of lead white.  
These data will represent the start of a database that will cover 17th-century Dutch 
paintings. The aim of the database is to provide art historians and conservators with more 
reliable information to aid in identification, authentication and provenancing of unknown 
paintings, while at the same time providing an indication of how the trade of lead was 
influenced by social-economic factors. 
 1.1: Lead white 
 
Lead white was the most important white pigment used in easel painting until the 
nineteenth century (Eastaugh 2004), therefore the study of the lead isotopes of this pigment 
can provide information about trading practices on a long socio-historical timescale. Lead-
white is composed predominantly of lead carbonate that occurs in two main crystalline 
forms; cerussite (PbCO3) and hydro-cerussite (2PbCO3·Pb(OH)2) (Gonzalez et al. 2017). 
The main methods of lead white synthesis consist of exposing metallic lead to acetic acid, 
either by submerging it in vinegar, or by the so-called ‘Dutch stack process’. In the latter, 
strips of lead were placed over vinegar in earthenware pots and surrounded by dung to 
provide heat and carbon dioxide that would speed up the reaction. After several weeks the 
lead surface would have reacted to form a lead carbonate. This carbonate would be scraped 
off, washed and dried (Eastaugh 2004). The pigment then receives post-synthesis 
treatments such as washing, grinding of the pigment in water or in acidic solutions (vinegar), 
heating in water and levigation. These processes allow the selection of pigment particles by 
size (Stols-Witlox et al. 2012). Historical sources reveal that different qualities of lead white 
were produced, some of which were mixed with chalk and hence less pure, and sold at 
different prices. Workshop practice at the time was ‘clean’, aimed at keeping the different 
pigments separate during preparation, such as grinding and mixing with a binding medium, 




and storing until use (Gonzalez et al. 2017). The lead white would then be mixed with other 
pigments on the palette and pre-processed oil (e.g., where litharge is added or treated in 
order to speed up the drying process), just before application (Kirby et al. 2010, Spring et 
al. 2011, Gonzalez et al. 2017). The availability and usage of different quality lead white 
pigments raises the question of whether one or more sources of Pb ore were used in 
manufacturing lead white pigments.  
 1.2: Known variability of lead isotopes 
 
1.2.1: Variability  of lead isotopes in lead deposits 
  
Lead isotope heterogeneity is a documented phenomenon that occurs at different 
levels. There is major variation in lead isotope ratios within and between lead ore deposits 
that can be exploited to infer the origin of lead minerals used to produce lead white (OXALID 
(https://oxalid.arch.ox.ac.uk/), (Pollard 2008)). The high variation of Pb isotope ratios in ore 
deposits is caused by variability in both the nature of the geological process that leads to 
the formation of lead deposits, and the absolute time of their formation. Lead has four stable 
isotopes 204Pb, 206Pb, 207Pb, 208Pb. 204Pb is non radiogenic while 206Pb, 207Pb and 208Pb are 
the product of radioactive decay of respectively 238U, 235U and 232Th. The Pb isotope ratios 
in Pb-rich minerals formed in mineral deposits vary depending on the source of the 
mineralising magmatism and ore fluids, which in turn are controlled by the specific geological 
settings and time (Gulson 1986, Sangster et al. 2000).  Lead ore deposits were formed at 
markedly different times, from the Archaean (> 2500 million years) to the present day 
(Sangster et al. 2000). This has resulted in a marked variation in Pb isotope ratios in ore 
minerals, both locally and regionally, which reflects the time-integrated levels of U, Th and 
Pb in the geological setting (Faure 1986, Gulson 1986). For example, the 206Pb/204Pb ratio 
in lead ore deposits ranges from < 15.0 to > 22.5 (Sangster et al. 2000). The lead present 
in these deposits, when extracted, retains the isotopic composition of the original ore 
minerals. Assuming that significant mixing of lead from different mines is avoided, this 
composition will be transferred to the materials and artefacts containing the lead. The level 
of Pb isotope heterogeneity inherited by lead white pigment during the production process 
is, however, unknown. This assessment is fundamental to understand how to interpret lead 
isotope data. 
 




1.2.2: Variability of lead isotopes in paintings 
 
Lead isotope variation of the ores is recorded directly in the lead isotopes of lead 
white. This variability has for example been observed in lead white used by 17th-century 
Netherlandish artists and 16th-century Italian painters (Fortunato et al. 2005, Fabian et al. 
2010). Lead isotope ratios, in this case, show that Italian and Dutch paintings are easily 
distinguishable and cluster in two groups. Data from Netherlandish paintings indicate that 
Pb isotope ratios vary between 18.41-18.48 and 15.61-15.64 in 206Pb/204Pb and 207Pb/204Pb 
ratios, respectively (Fabian and Fortunato 2010). This variation corresponds to circa 22 and 
10 times the analytical resolution of modern multi-collector mass spectrometers, and is 
representative of the heterogeneity of lead isotope ratios present in 17th-century 
Dutch/Flemish paintings.  The lead isotope distribution in this group indicates that, without 
additional information, it is impossible to clearly distinguish different artists, or paintings, 
using only lead isotope ratios. Moreover, the lead isotope ratio variability within a painting 
has not been systematically studied, leaving a gap in the information obtainable from lead 
isotopes. This variation in particular could have a crucial role in data interpretation.  
 
1.2.3: Variability of lead isotopes in individual paintings 
 
A pilot study was performed on Vermeer’s Girl with the pearl earring (c.1665, 
Mauritshuis, The Hague), to assess the question of lead isotope ratio variability in an 
individual painting. Lead isotope analysis was conducted on different paint layers, containing 
different lead whites with different cerussite/hydro-cerussite ratios. While the different layers 
did not show a correlation between lead isotope ratios and cerussite/ hydro-cerussite ratios, 
the pigments of two samples recorded an isotopic variation outside analytical error (van 
Loon et al. 2019, samples 7 and 16a (van Loon et al. 2019)). The paper (van Loon et al. 
2019) concludes that: “there are several plausible explanations for the small degree of 
heterogeneity of the lead isotopes of the ground layer. First, the lead white is present in a 
mixture with other pigments. Moreover, the lead ore deposits are not fully homogeneous 
due to the fact that the geological processes that form the lead ore operate on a scale of > 
10 km and result in ore fluids interacting with different types of rocks beneath where the ore 
is ultimately formed. Additionally, lead white pigment production could potentially include a 
minor component of recycled lead. It is also possible that minor amounts of Pb-containing 
dust and other contaminants (< 0.01%) were introduced during pigment production, 
paint making or paint application. All these processes potentially lead to detectable isotopic 




variations, which do not obscure the ultimate source of the Pb” (Van Loon et al. 2019). These 
observations are the basis for this investigation of the heterogeneity of lead isotopes in lead 
white in individual paintings.  
 
2: Paint samples: 
 
Five 17th-century Dutch paintings by four different painters from the Rijksmuseum 
were analysed.  
- Gerard van Honthorst. i) Portrait of Willem II (1626-1650), Prince of Orange, and his 
Wife Mary Stuart (1631-1660), 1647, Rijksmuseum, SK-A-871, oil on canvas, w 
194.4 cm x h 302 cm. ii) Portrait of Friedrich Wilhelm, Elector of Brandenburg, and 
his Wife Louise Henriette, Countess of Orange-Nassau, 1647, Rijksmuseum, SK-A-
873, oil on canvas, w 194.4 cm x h 302 cm.  
 
These two paintings, together with Frederick Henry, his Consort Amalia of Solms, 
and their three youngest daughters (SK-A-874), form an ensemble made for Huis den Bosch 
in 1647. Due to similarity in theme, size, and identical year of production, the paintings SK-
A-871 and SK-A-873 are likely to be painted in Honthorst’s studio at the same time using 
materials presumably purchased specifically for this commission.  
 
- Aert de Gelder, Hermanus Boerhaave (1668-1738), Professor of Medicine at the 
University of Leiden, with his Wife Maria Drolenvaux (1686-1746) and their 
Daughter Johanna Maria (1712-91). 1720 – 1725, Rijksmuseum, SK-A-4034, oil on 
canvas, w 173 cm x h 104.5 cm.   
- Jacob de Gheyn (II), A Spanish stallion Captured by Lodewijk Gunther van Nassau 
from Archduke Albert of Austria in the Battle of Nieuwpoort and Presented to Prince 
Maurits,  
1603, Rijksmuseum, SK-A-4255, oil on canvas, w 269 cm x h 228 cm.  
- Jan van Goyen, View of a Town on a River, 1645, Rijksmuseum, SK-A-120, oil on 
canvas, w 165.5 cm x h 131 cm.  
More specific information about the paintings can be found on the Rijksmuseum 
website (https://www.rijksmuseum.nl/en/search) using the Rijksmuseum inventory numbers 
listed above and in Table 1. 
 






Figure 1: Left, exterior view of a Venetian lead white cone and right interior view of a cone that was cut in half.  Note galena-rich rim. 
Yellow dots mark sampling locations. Approximate cones size: width, 5 cm at the bottom 8 cm at the top; height 7-10 cm;  weight 
800 gram. 
 
The second batch of samples was obtained from pure lead white pigment transported 
as cones, with an average weight of 420 g, Figure 1. These cones were recovered from the 
ship Gagliana Grossa, sunk in late October or early November of 1583, near the island of 
Gnalić, off the central coast of the eastern Adriatic, present-day Croatia (Radić Rossi 2016). 
Archival research revealed the merchant ship was on route from Venice, loaded with cargo 
intended for the markets of Constantinople (Radić Rossi 2016, Radić Rossi 2020). The 
cargo consisted of various products of European manufacture, including a large quantity of 
colouring materials packed in casks or barrels, stowed in the ship’s hold (Batur 2019). The 
largest volume of colouring materials preserved on the shipwreck was lead white, loaded in 
casks with a monogram composed of a cross and the letters S and Z. Today, after 
submersion in seawater, the surface layer of the cones is composed of black and/or dark 
grey galena (lead sulphide), formed through reaction with sulphur-based components in the 
shipwreck cargo and seawater (Batur 2019). The lead white cones preserved in their raw 
form provide a unique opportunity to examine the lead isotope heterogeneity in a mass 













3: Sampling and analytical Method: 
 
The sampling procedures used to obtain lead white are described below and the 
number of the samples and mode of sampling are summarized in Table 1. 
 
- The two Gerard van Honthorst paintings and the painting by Jan van Goyen were 
sampled directly by trained conservators who manually removed a microscopic amount of 
paint from areas rich in lead white using a surgical scalpel. In order to have a good spatial 
sample coverage, when possible the paintings were sampled in 5 different areas. The 
samples were collected by carefully placing the scraped material into pre-cleaned (2M 
HNO3) centrifuge tubes. 
- The Aert de Gelder painting was sampled following the same procedure with one 
exception. For this painting 10 samples were collected, divided into two groups. Five 
samples were taken from original lead white paint and 5 samples were gathered from 
documented 19th -century retouchings of the painting. In this way, it was possible to study 
the heterogeneity of two generations of lead white and evaluate the ability of lead isotope 
analysis to discriminate between them. 
- The very large and damaged Jacob de Gheyn (II) was undergoing extensive 
restoration at the time of sampling and two sampling procedures were used. Nine scraped 
samples were collected manually by conservators as described above. The second set of 
lead white pigment samples were obtained from cross sections using a micro scalpel in a 
procedure described elsewhere in detail (D'Imporzano et al. 2020). The micro scalpel allows 
the operator to sample particles of lead white directly from a single paint layer in a 
microscope cross section. Typically, a sample furrow measures 10-50 μm in width. The 
micro scalpel allows the possibility to study the mineralogical and lead isotope ratio 
distribution between different pictorial layers of a painting. For the De Gheyn painting, 6 
paint cross sections were available and 12 samples were collected. In total, 21 samples 
were obtained from the painting to study the 3-dimensional distribution of Pb isotope ratios.    
- Seven of the several hundred recovered Venetian cones were chosen to study the 
variation of lead isotope ratios in the commercially manufactured pure lead white pigment. 
The cones were cut in half using a hand-saw. This revealed a black lead-sulphide layer, 1-
5 mm thick that covers the cones (Figure 1). The interior of the cones, however, away from 
cracks, was found to be unaffected by the blackening process. For each cone, 4 and 5 
samples were collected from the white part using a plastic pin. A total of 30 samples were 
collected as powder and transported in pre-cleaned (2M HNO3) centrifuge tubes.  




The samples were prepared for isotopic analyses following the method described in 
detail in D’Imporzano et al. 2020 (D'Imporzano et al. 2020). In brief, samples were dissolved 
in 1 mL 2M HNO3 and solutions transferred to 7 mL Teflon beakers, dried down and re-
dissolved in 0.2 mL 0.7M HBr. The solution was then processed by liquid chromatography 
using AG®1-X8 anion exchange resin (analytical grade, 200–400 mesh, chloride form) to 
separate the Pb fraction from the samples matrix. The concentration of the Pb fraction was 
determined by inductively coupled plasma mass spectrometry (ICPMS). Once Pb 
concentrations were known, 2 mL 1% HNO3 solutions were made containing 100 ng of Pb 
(50 ppb). The solutions were analysed using a Thermo Scientific Neptune multi-collector-
ICPMS using standard sample bracketing (SSB) to correct for instrumental mass 
fractionation. For each batch of 18 analyses, a NIST NBS981 lead solution, two in house 
internal standard solutions (pure lead solution prepared from a CPI International solution) 
and a total procedure blank were analysed to monitor data quality. The blank solutions, 
prepared following the same procedure as the samples, monitor the amount of external lead 
introduced during the sampling and the sample preparation. The analyses of the blank 
solutions were performed by isotope dilution with a 208Pb spike solution of known 
concentration and isotopic composition.  
Measurements were performed using a desolvating nebulizer system, CETAC Aridus 
II, operating at approximately 4–5 L min–1 of Ar sweep gas, 0.01–0.02 L min–1 nitrogen and 
with temperature settings of 110°C for the spray chamber and 160°C for the membrane. 
Lead ion beams were about 0.2 V ppm–1 and were measured on Faraday cups equipped 
with 1011 Ω amplifiers. A gain calibration was performed on the 1011 Ω amplifiers once per 
week. The analysis consisted of one block of 100 cycles of 4 seconds integration time. The 
instrument operated with an RF power of 1290 W. Faraday cup detectors were assigned to 
the following masses: 201Hg L4,202Hg L3,204Pb L2,205Tl L1,206Pb C,207Pb H1,208Pb H2,209Bi 
H3. The long-term precision, expressed as 2 standard deviations (SD) of analyses of the 
NIST NBS981 over two years (n>100), was 0.0031 for 206Pb/204Pb, 0.0034 for 207Pb/204Pb, 














The values obtained for all the NBS981 standard solutions analysed for this study 
were within analytical uncertainty of literature values (e.g., Thirwall, 2002 (Thirlwall 2002)). 
Total procedure Pb blanks varied between 5 and 60 pg indicating that the blank contribution 
to the isotopic composition of the samples is negligible. The Pb isotope data for the lead 
white samples are presented in Table 2 and Figures 2-4. Every figure includes the long term 
precision of the instrument as a cross on the top left part of each graph. 
For both Gerard van Honthorst paintings, SK-A-871 & 3, Pb isotope ratios range from 
18.475 to 18.488 for 206Pb/204Pb, from 15.631 to 15.645 for 207Pb/204Pb and from 38.441 to 
38.475 for 208Pb/204Pb (Table 2, Figure 2a and 2b). For the SK-A-873 painting, lead isotopes 
vary from 18.468 to 18.488 for 206Pb/204Pb, 15.627 to 15.645 for 207Pb/204Pb and from 38.435 
to 38.492 for 208Pb/204Pb. The average value for lead white lead isotopes of the two paintings 
is 18.479 ± 0.012 (2SD) for 206Pb/204Pb, 15.637 ± 0.011 (2SD) for 207Pb/204Pb and 38.455 ± 
0.035 (2SD) for 208Pb/204Pb. 
Lead isotope ratios for lead white from the Jan van Goyen painting (Table 2, Figure 
2c and 2d) vary between 18.4745 and 18.480 for the 206Pb/204Pb ratio and between 15.6401 
and 15.644 for the 207Pb/204Pb ratio and from 38.446 to 38.461 for 208Pb/204Pb. The average 
206Pb/204Pb ratio is 18.477 ± 0.004 (2SD), 207Pb/204Pb is 15.641 ± 0.004 (2SD) and 38.452 
± 0.013 (2SD) for 208Pb/204Pb. 
The lead white from the Jacob de Gheyn (II) painting (Table 2, Figure 2e and 2f) has 
lead isotope ratios that vary between 18.416 and 18.439 for 206Pb/204Pb and between 15.625 
and 15.634 for 207Pb/204Pb and from 38.392 to 38.430 for 208Pb/204Pb. The average value for 
206Pb/204Pb is 18.433 ± 0.011 (2SD) , 15.630 ± 0.005 (2SD) for 207Pb/204Pb ) and 38.412 ± 
0.022 (2SD) for 208Pb/204Pb. 
The results for the lead white cones are shown in Table 3, Figure 2g and 2h. Isotope 
ratios from the 30 analyses from 7 different cones range from 18.376 to 18.382 for 
206Pb/204Pb, between 15.673 to 15.678 for 207Pb/204Pb and from 38.526 to 38.546 for 
208Pb/204Pb. The cones have an average of 18.379 ± 0.003 (2SD)  for 206Pb/204Pb and 15.675 
± 0.003 (2SD) for 207Pb/204Pb and 38.537 ± 0.011 (2SD) for 208Pb/204Pb.    
Two different lead-white pigments were sampled from the Aert de Gelder painting, 
from retouching and the original paint. The results are presented in Table 2 and Figure 3a 
and 3b and show a clear distinction between the two generations of paint. The retouchings 
show greater heterogeneity compared to the original paint. The 206Pb/204Pb ratio varies from 
18.229 to 18.275 while the variation for the 207Pb/204Pb is from 15.622 to 15.627 and from 




38.196 to 38.247 for 208Pb/204Pb. The average value for the retouching is 18.252 ± 0.041 
(2SD) for 206Pb/204Pb, for the207Pb/204Pb is 15.623 ± 0.005 (2SD) and 38.220 ± 0.051 (2SD) 
for 208Pb/204Pb. The original lead white, Figure 3c and 3d, has Pb isotope ratios ranging from 
18.443 to 18.463 for the 206Pb/204Pb ratio, 15.630 and 15.635 for 207Pb/204Pb and from 
38.436 to 38.459 for 208Pb/204Pb. The average value for the original lead white 206Pb/204Pb 
is 18.449 ± 0.016 (2SD), while the average 207Pb/204Pb ratio is 15.631 ± 0.004 (2SD) and 
38.449 ± 0.017 (2SD) for 208Pb/204Pb.  
 






Figure 2: Pb isotope ratio figures showing results for the samples from: a) and b) the two Van Honthorst paintings; c) and d) results 
for the samples from van Goyen painting; e) and f) the de Gheyn II paintings. Samples obtained with the two different sampling 
methods are shown with different colours. The two arrow-lines indicate the potential mixing lines of different sources of lead white, 
one controlled by the ground layer (blue arrow) and one connecting two different sources of lead white (red arrow); g and h) data 
obtained for the Venetian cones. Each figure includes the long term 2SD precision of the analytical method reported as a cross on 
the top left. 






Figure 3: Pb isotope ratios from the de Gelder painting. a and b) data obtained from the original paint compared with the retouching; 
c and d) results of the original paint only. The dotted lines indicate potential mixing of different sources. Each graph includes the long 




The Pb isotope data demonstrate that the extent of heterogeneity in lead white 
pigments differs from painting to painting. In order to fully understand the implications of 
these differences, two factors must be taken into account. First, despite the high precision 
of the individual analyses, two samples are only considered statistically different when their 
isotopic values differ by more than twice the 2 standard deviations (2SD) of the method. This 
quantity is determined by analysing an international Pb standard solution, NBS 981, multiple 
times over an extended interval of time (> 1 year) (D'Imporzano et al. 2020). Throughout the 
discussion, the 2SD will be used as a basic unit to discuss samples differences. To make 
the concept clear: the 2SD on the 206Pb/204Pb ratio is 0.0031. Hence, if the value of sample 
X is 18.0000 and sample Y is 18.0075, the two differ by 0.0075, equal to 2.4 2SD, which 
means that X and Y are statistically different.  




Secondly, mass dependent fractionation during analysis needs to be considered. 
This phenomenon causes Pb isotope ratios to define slopes related to the mass difference 
between isotopes in so-called 3-isotope-plots, e.g., a slope of ~1.5 in a 207Pb/204Pb versus 
206Pb/204Pb plot. This problem is extensively discussed in the literature and was only more 
easily overcome after the introduction of modern multi-collector mass spectrometers in the 
early 1990s (Cumming et al. 1990). Examination of Pb isotope ratio databases of minerals 
from ore bodies such as OXALID, shows evidence of unresolved mass fractionation effects 
(e.g., OXALID’s Greek data). The study here used the sample standard bracketing (SSB) 
method to correct for the instrumental mass dependent fractionation. However, the data 
demonstrate that small mass-dependent effects remain after correction (e.g., Figure 2g). 
This is partly a consequence of the inherit instability of the plasma source of an ICP mass 
spectrometer. Mass-dependent fractionation is the major contributor to the long-term 2SD 
precision of the analytical method and the main limitation to the resolution of the SSB 
method. This phenomenon causes ~ 0.015 % error in “typical paint analyses” and can be 
seen in the data from the Venetian lead white cones, where all the analyses are statistically 
identical but define a slope that is controlled by mass dependent fractionation (Figures 2g 
and 2h). It should be noted, however, that compared to the natural variation in Pb-bearing 
ore minerals, this error is negligible. 
 5.1: Lead isotope variance in raw lead white pigment 
 
The Venetian cones (Figures 2g and 2h) represent raw lead white pigment produced 
by the manufacturer for transport to distribution centres. As such, the samples provide a 
direct indication of the heterogeneity of the “mass produced” product. The seven different 
cones have variations in 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios of 1.9, 1.7 and 1.8 
times the 2 SD and are thus indistinguishable within analytical uncertainty. There are no 
systematic isotopic differences between the different cones not sample location within a 
cone and the samples have a homogeneous Pb isotope composition. This homogeneity is 
not unexpected, considering new batches of lead white were subjected to several steps of 
washing and grinding. The method of production and post-production are well described by 
Homburg (1996) and Stols-Witlox, Megens et al. (2012) (Homburg 1996, Stols-Witlox et al. 
2012). The production method described in the papers is referred to as the Dutch stack 
process, which is only one variant of lead white production carried out until the 19th Century. 
The process can be used as a general example to understand how lead white was produced 
and treated post-production. Generally, the production of lead white was performed in large 




batches, starting with the melting of a large quantity of lead that was then transformed to 
lead white (Homburg 1996, Stols-Witlox 2014). At the peak of the Dutch production, a single 
lead white producer used 4 tons of lead to start a cycle of production. The first step involves 
the melting of all metallic lead together and recasting of the melted metal in sheets. After 
the first step, the pigment was processed through many stages of grinding and washing. In 
this process, the pigment was mixed several times in order to obtain a homogeneous 
product. The initial melting and the post-production steps, in principle, both cause the 
homogenization of the lead isotopes. Unfortunately, it was impossible to find large quantities 
of historical lead white Dutch to analyse for this study. However, due to the similarity of the 
production process in lead white over the centuries, it is possible to assume that batches of 
lead white produced historically were homogeneous, as seen for the Venetian cones. 
Starting from the assumption of isotopic homogeneity of the raw pigment, any isotopic 
heterogeneity of lead white found in paintings was introduced during the creation of the paint 
or a painting. Arguably, the alteration of the isotopic composition of lead white could have 
happened when pigments were mixed with other substances, containing contaminants (oils, 
varnishes, extenders and other pigments). In summary, based on the homogeneity of the 
raw material analysed here, the isotopic data suggest that any increase in the level of 
isotopic heterogeneity in the lead white paint can be ascribed to the processing of the 
pigment that happened after trading.  
 5.2: Lead isotope variation in 17thcentury Dutch paintings  
 
Lead isotope data from the Gerard van Honthorst painting SK-A-871 vary by 4.1 times 
the 2SD for both 206Pb/204Pb and 207Pb/204Pb and 3 times for 208Pb/204Pb (Table 2, Figures 
2a and 2b). In the companion painting, SK-A-873, the same Pb isotope ratios vary by 6.2, 
5.3 and 5.1 times 2SD respectively. In contrast to the data for the lead white cones, the 
samples of these two paintings have values outside analytical uncertainty and overall have 
variations in 206Pb/204Pb,207Pb/204Pb and 208Pb/204Pb ratios of 6.3, 5.9 and 5.1 times 2SD 
respectively. The similar average isotopic composition of the two paintings reinforces the 
hypothesis that a common batch of lead white was used to prepare these two works. The 
isotopic heterogeneity found in the two paintings suggests, however, that the lead white 
comprised a poorly homogenized combination of different lead whites or a combination of 
lead white with some lead-bearing material or lead-rich paint medium. This observation 
supports the hypothesis that the lead isotope ratios of lead white can be altered in the 
process of painting.  




Samples of the Jan van Goyen painting (SK-A 120, Figures 2c and 2d) have Pb 
isotope ratios that are indistinguishable within analytical uncertainty, with 206Pb/204Pb ratios 
equal to 2 2SD, 1.7 2SD for  207Pb/204Pb and 1.3 for 208Pb/204Pb. In contrast, samples 
analysed from the Aert de Gelder painting (SK-A-4034) divide into two clusters (Table 2, 
Figure 3a and 3b). The retouching is more heterogeneous with the variation in 206Pb/204Pb 
ratio equal to 14.8 times 2SD. These Pb isotope ratios are comparable to some lead white 
produced after the 18th century and significantly distinct from 17th century Dutch paintings 
(Fortunato et al. 2005). The high variability of the isotopic data from the retouched paint is 
notable and suggests that the restoration of the painting either involved different paints, 
possibly at different periods or that, more likely, the modern lead white is partly mixed with 
the original 17th century lead white. The latter scenario is supported as the samples lie on a 
two-component mixing line connecting the original isotopic values to the modern values 
(dotted arrows, Figures 3a and 3b). The total isotopic variation for the original 17th-century 
paint in 206Pb/204Pb is comparable to that found for the van Honthorst’s paintings (Figures 
3c and 3d). Four of the original samples are statistically identical, while one (ID: SK-A-4034-
14) is different by 6 times 2SD in 206Pb/204Pb (Figure 2d). The 207Pb/204Pb ratio values are 
indistinguishable while the 208Pb/204Pb is just outside analytical error (2.1 2SD). The 
observed isotopic variability can be explained by contamination of sample SK-A-4034-14 
with some other Pb-containing pigment present in the painting or the use of two lead white 
pigments containing different Pb (arrows in Figures 3c and 3d). More analyses are required 
to establish if the two components were used separately, or as mixtures, as in the van 
Honthorst painting.   
Lead isotope ratios of lead white from Jacob de Gheyn (II) vary by 7.6 times 2SD for 
206Pb/204Pb, 2.6 for 207Pb/204Pb and 3.4 for 208Pb/204Pb (Table 2, Figures 2e and 2f). The 
variability in 206Pb/204Pb ratio is primarily a result of the compositions of sample SK-A-
4255_113c. This sample was taken using a micro scalpel and is one of four samples where 
a particle of lead white was extracted from the ground layer. Another sample, SK-A-
4255_113d, was also taken from the ground layer. The results for the latter fall between the 
values of sample SK-A-4255_113c and the rest of the samples. The difference of these 
samples from the rest of the group could be caused by mixing with impurities present within 
the ground layer. If the two ground layer samples are not considered, the variation in the 
206Pb/204Pb ratio for the remaining samples is reduced but is still significant, 3.5 times the 
2SD. Note that the data do not record a systematic division between samples coming from 
different layers of the painting. The isotopic homogeneity of the mass produced Venetian 




lead white indicates that the level of heterogeneity in these samples must be the results of 
the preparation of the lead white during the painting process. The data further suggest 
mixing involving three components, one component is defined by the ground layer and two 
are defined by the remaining samples (arrows in Figures 2e and 2f). This again suggests 
that the lead white used was either a poorly homogenized combination of slightly different 
lead whites or that some lead white contains lead impurities from other sources.  
Overall four of the five 17th- century Dutch paintings contain lead white with variable 
Pb isotope ratios. Samples of lead white from the Van Goyen are the only example of 
isotopic homogeneity. For the other four paintings, two different observations are made. 
First, lead white from an individual painting forms a “continuous” cluster of data that is larger 
than analytical uncertainty (as for the samples from de Gheyn (II) and Van Honthorst). 
Secondly, the data may contain a single or multiple analyses that suggest the presence of 
distinct lead components. The data collected from de Gheyn (II) and de Gelder, for example, 
suggest that the lead white in these paintings was a mixture of two or three components 
containing different Pb isotope ratios and that the components were not mixed efficiently. 
The identification of two or three different components raises questions as to the modus 
operandi of the artists. Are the isotopic differences the result of the mixing of different 
batches of lead white in the artist workshop, possibly reflecting recycling of old and new lead 
white to save on material costs? To resolve this issue a more extensive systematic study is 
required. Based on the results so far, we can say that heterogeneity of lead isotopes in lead 
white within a single painting is a recurring phenomenon, therefore this aspect should be 
considered when decisions on sampling locations are made for these types of investigations. 
The results show, in particular, the need for a multi-sampling strategy for a single painting 
when lead isotopes analyses are required. 
 5.3:  Implication of Pb isotope variation. 
 
The Pb isotope data combined in one diagram define three main clusters (Figure 4a 
and 4b): the Venetian cones, the retouching on the Aert de Gelder and the 17th- century 
Dutch paintings. The Venetian cones have Pb isotope ratios that correspond with those of 
16th- century Italian paintings (Fabian and Fortunato 2010). The cones are clearly 
manufactured using lead ores from a different source to that used for Dutch paintings and 
are consistent with north-Italian paintings (Fortunato et al. 2005, Fabian et al. 2010). The 
Dutch paintings presented here have Pb isotope data comparable to the data reported by 
Fabian and Fortunato 2010, identified in 17th-century Dutch paintings between 18.41-18.48 




and 15.61-15.64 for 206Pb/204Pb and 207Pb/204Pb ratios, respectively. This range is defined 
by two sub-groups in Figure 4c and d: one formed by Van Honthorst, Van Goyen and one 
sample from the De Gelder on the right, and lead white from de Gheyn II and de Gelder on 
the left. In the 206Pb/204Pb vs 208Pb/204Pb figure 4d, three clusters can be observed and it is 
possible to distinguish the four samples from the De Gelder from the cluster formed by the 
De Gheyn. The samples from Van Honthorst and Van Goyen are within analytical 
uncertainty of samples of lead white from Vermeer’s Girl with the pearl earring (Tummers 
2019, van Loon et al. 2019).  
The distribution of lead isotopes suggests that a single Pb source was dominant in 
lead white manufacture in the region during the 1650/1660 period. Moreover, the Pb isotope 
signature of the lead white of this period is statistically distinct to the lead white used in the 
same region at the beginning of the 17th century (De Ghein II) and at the beginning of the 
18th century (De Gelder). The isotopic variation of lead white for these paintings suggests a 
temporal variation of the lead used to manufacture lead white in the Netherlands. England 
was the main lead producer at this time (Burt 1995) and the isotopic ratios are consistent 
with a UK origin (van Loon et al. 2019 (van Loon et al. 2019)). The observed isotopic 
variations suggest that potentially English lead production and export were disrupted by the 
English civil war of 1641-1652. Further work is, however, required to substantiate this 
supposition.  
Consideration of the variation of lead isotope ratios in lead white within the 17th-
century Dutch samples shows individual paintings as statistically different (e.g., de Gheyn II 
and van Honthorst), whereas samples from other artists are indistinguishable. This 
observation emphasises the need for a detailed lead isotope ratio database to fully 
understand potential temporal isotopic variations in lead white. The fabrication of such a 
database is crucial in order to interpret correctly the results of lead isotope analyses, and 
only in this way could art historians and curators use Pb isotope variations to determine the 
provenance of the pigment or have evidence to support the attribution of the paintings.  
 






Figure 4: a and b) Pb isotope ratios from all the paintings; c and d) comparison of data obtained for the Dutch paintings with Venetian 
lead white cones and the retouching present in the de Gelder painting. 
 
 6: Conclusions 
 
The study determined the homogeneity of lead isotope ratios of commercially 
produced Venetian lead white pigment. The results demonstrate that individual shipments 
of pigment were isotopically homogeneous. The analyses of the lead isotopes of lead white 
in samples from 17th -century Netherlandish paintings, however, show that four out of five 
paintings contain lead white samples that are statistically different. Based on the 
homogeneity found in the pure lead white pigments, the isotopic heterogeneity is interpreted 
as the result of pigment processing and use in the artist’s studio prior to painting. The most 
plausible hypothesis to explain this isotopic heterogeneity is the mixing of different 
generations of lead whites, or the contamination of the lead white with other Pb-bearing 
materials. These findings suggest that future lead isotopes analyses on lead white on 




paintings should be conducted following a multi-sampling strategy, to fully assess the lead 
isotope heterogeneity for the studied painting. Moreover, the study suggests that, due to 
lead isotope heterogeneity, a larger database is fundamental for comprehensive data 
interpretation. 
This work, in accordance with literature data, finds a clear separation of lead isotope 
ratios from different artistic periods, and three groups were identified: Venetian cones, 17th 
century Dutch paintings and modern lead white. Dutch paintings suggest an isotopic 
difference between samples from the middle of the 17th century and the beginning of the 
17th and 18th centuries. These preliminary Pb isotope data suggest a time-dependent 
variation in the Pb ores used in lead white but calls for a more detailed and systematic study 
of 17th- century Dutch paintings. 






 Object Sampling method Sample type N .of samples Birth-Death (active) 
Gerard van Honthorst’s painting manual scraping 10 1592-1656  (1610?-1656) 
Jan van Goyen’ painting manual scraping 5 1596-1656  (1620-1656) 
Aert de Gelder’s painting manual scraping 10 1645-1727 (1660-1727) 
Jacob de Gheyn II painting manual and microscalpel scraping 21 1565-1629 (1585?-1629) 
Venetian cones raw pigment manual powder 30 Before 1583 
 











































Table 2: Sample identification (Rijkmuseum ID), isotopic values for each sample with two times the standard error, 2SE, and sampling 
method. For the painting from Aert de Gelder the samples taken from the retouched parts are listed under the caption Retouching. 
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This study investigates how lead isotope analysis of lead white pigment can be used 
as an additional diagnostic tool to confine the production time of 17th century Dutch 
paintings. Lead isotope analysis of 77 dated paintings from 27 different Dutch artists reveal 
significant changes in the source of lead used in lead white at the start, middle and end of 
the 17th  century. Isotopic shifts are related to major historical and socio-economical events 
such as the English Civil War and Anglo-Dutch-French conflicts. These observations offer 
the prospect that Pb isotope analysis of lead white could aid attribution and authentication 
of Dutch 17th century paintings and provide insights into artists’ international travels and lead 
production and trading.  
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Lead isotope analysis has been widely applied in the field of cultural heritage since the 
1960’s (Pollard 2008, Stos-Gale et al. 2009, Albarède et al. 2012, Kershaw et al. 2021). 
Applications have addressed the provenance of metal artefacts produced by civilizations 
active from prehistoric, Greek, Roman and up to early medieval times. In all cases, the 
concept is to use the Pb isotopes to fingerprint the possible geological source of the metal. 
Keish et al. 1976 reported the first application of lead isotope analysis to lead white pigment 
(Keisch et al. 1976). Since that time, lead isotope analysis of lead white in paintings has 
been used to examine differences in pigment production, both in terms of the control of 
physical pigment properties and the possibility to determine regions of manufacture and use 
establishing, for example, clear isotopic difference between lead white produced in northern 
and southern Europe (Keisch et al. 1976, Fortunato et al. 2005, Fabian et al. 2010, 
D'Imporzano et al. 2020). The current study investigates the possibility of using lead isotope 
analysis in 17th century Netherlands paintings to determine the time of painting production.  
Lead white is a pigment that was used in paintings from antiquity until the 20th century, and 
is considered the most important of all white pigments. When the white powder is mixed with 
a binder, such as linseed oil, it creates a versatile paint. It was used pure, for instance for 
white highlights, or mixed with other pigments to obtain lighter tones. It can also be a 
component of the ground layer (Roy 1993). The pigment itself can be a siccative agent to 
speed up the drying processes of oil paint. Lead white is a lead carbonate composed of a 
mixture of two main phases: cerussite (PbCO3) and hydrocerussite (2PbCO3•Pb(OH)2)(Olby 
1966), but it can also contain a low percentage of other lead salts such as plumbonacrite 
(Pb5O(OH)2(CO3)3) (Welcomme et al. 2007, Stols-Witlox et al. 2012, Gonzalez et al. 2019). 
Lead represents between 77 and 80 % by weight of the lead white. The high content of Pb 
in the pigment, combined with its ubiquitous presence in oil paintings until the 20th century, 
makes lead white the perfect candidate for lead isotope analysis. Lead isotope analysis of 
lead white can help determine the geographic origin of the lead ore. This information can be 
useful for tracing the trade routes of lead, and provide information about the history of the 
pigment.  
In the last decades, lead isotope analysis of lead white (Fortunato et al. 2005, Fabian et al. 
2010, D'Imporzano et al. 2020, D'Imporzano et al. 2020, Hendriks et al. 2020) has focused 
on: i) the place of origin of the lead ore, i.e. its provenance (Keisch et al. 1976, Fortunato et 
al. 2005, Fabian et al. 2010); ii) identification of paintings according to artistic groups 
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(Fortunato et al. 2005, Fabian et al. 2010, Hendriks et al. 2020); iii) investigating the 
composition/variation of lead isotope of lead white within a single painting (D'Imporzano et 
al. 2020) iv) authentication of paintings, as in the case of the attribution of a copy of St. 
Praxedis to Vermeer   (Wheelock 1986, Wadum 1998), or the locating of a Michiel Sweerts 
painting to his period in Rome (Wallert et al. 2021). More recently, lead isotope analysis of 
lead white has also been coupled with the study of 14C of the carbonate for dating purposes 
(Beck et al. 2018, Hendriks et al. 2020).   
This study evaluates the potential use of lead isotope analysis on lead white samples from 
paintings made in the Netherlands in the 17th century. Lead white was sampled from 77 
authenticated paintings, with known date of production, from Dutch museums 
(Rijksmuseum, Amsterdam and Mauritshuis, The Hague) by 27 artists who were active in 
the 17th century. Based on the variation in lead isotope ratios, a time-dependent cluster can 
be identified.  
The study sets the basis for building an international lead isotope database of lead 
white, which will provide a better understanding of the historical use of lead white across 
Europe. The database can be used to gain information about working practices of the artists, 
and their travels. Moreover, by linking the lead isotope composition of lead white to a specific 
historical period, isotope analysis can be an additional tool for the attribution of disputed 
paintings  
Lead isotope analysis is based on the study of the four stable isotopes of lead: 204Pb, 
206Pb, 207Pb, and 208Pb. 204Pb is non radiogenic while 206Pb, 207Pb and 208Pb are the product 
of radioactive decay of respectively 238U, 235U and 232Th. The long duration of geological 
activity coupled with variation in U/Pb and Th/Pb in different geological settings on Earth, 
means that worldwide ore deposits were formed billions of years apart and involved sources 
of metals with distinct Pb isotope ratios. Consequently, galenas from ore deposits are 
characterized by distinct lead isotope compositions that reflect the distinct time of formation 
and the different U/Pb and Th/Pb ratios of the metal source (distinct time-integrated U/Pb 
and Th/Pb) (Faure 1986, Gulson 1986, Sangster et al. 2000). The long duration of geological 
activity (more than 4.5 billion years) and the highly variable geological settings on Earth 
imply that worldwide ore deposits contain galena with marked variation in the lead isotope 
compositions (Sangster et al. 2000). When extracted by smelting, the lead present in these 
deposits retains the isotopic composition of the original ore minerals and therefore it can be 
possible to identify the provenance of lead by lead isotope analysis (Keisch et al. 1976, 
Fortunato et al. 2005, Pollard 2008, Stos-Gale et al. 2009, Fabian et al. 2010, D'Imporzano 
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et al. 2020). This, in the context of lead white, also allows the identification of specific artistic 
groups that were active in different regions where different lead sources were used to 
produce the pigment. This is shown by the markedly different lead isotope compositions 
identified in lead white used by 16-17th century artists from Italy (south of the Alps) and the 
Netherlands (north of the Alps)   (Fortunato et al. 2005, Fabian et al. 2010, D'Imporzano et 
al. 2020).  
For a correct interpretation of lead isotope data of a painting, detailed knowledge of 
the raw materials involved in the production of lead white is required, including trading 
practices and historical events that may have impacted on its production. To study the 
variation of lead isotope ratios in 17th century Dutch paintings, the main producers of lead 
and lead white who traded in the Netherlands must be identified. The Netherlands, or the 
United Provinces as it was then known, was the main production centre of lead white 
pigment at the time, and was able to meet the internal demand for this product (while exact 
numbers for the 17th century production are not precise, it is estimated that in 1790, about 
1350 tons of lead white were shipped out the harbours of Amsterdam and Rotterdam and 
that at the end of the 18th century more than 35 factories were active in the Netherlands with 
a production of 4000 tons of lead white per year) (Homburg 1996, Stols-Witlox 2014). 
However, in the 17th century other smaller production centres were active in England and 
Venice, the latter being the main lead white producer from the Middle Ages until the 17th 
century (Homburg 1996, Berrie et al. 2011, Stols-Witlox 2014).  
The Netherlands imported the metallic lead from abroad. The lead acquired to make 
lead white was usually melted and re-cast as thin coils. This could imply that there was 
recycling/mixing of different leads with different isotopic compositions, which can be 
identified by lead isotope analysis. Regarding the source of raw metal used to make the 
pigment lead isotope studies indicate that lead white was most likely made using English 
lead (Fortunato et al. 2005, Fabian et al. 2010, van Loon et al. 2019, D'Imporzano et al. 
2020). This hypothesis is also supported by historical records of lead production and trade, 
indicating England as the main lead source in Europe in the 17th century (Blanchard 1995, 
Burt 1995).  
One final aspect to consider in the interpretation of isotopic ratios is the production 
process that transforms metallic lead into lead white pigment. The lead white production 
system used in the Netherlands in the 17th century is known as the “Dutch stack process” 
and is described in detail by Homburg et al. 1996 (Homburg 1996). It mainly consists of the 
stacking of several pots, containing vinegar and metallic lead coils (metal and liquid are not 
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in contact), and covering them with horse manure. The acid vapours of the vinegar together 
with the CO2 and warmth produced by the manure attack the metallic lead to form lead 
carbonate (lead white) in a process that lasts several weeks. The pigment is then separated 
from the unreacted metal, which is recycled, while the lead white is washed and transformed 
into the final product (Burt 1995, Stols-Witlox 2014). The fact that the lead was recycled and 
probably at a certain moment supplemented with a new batch of lead, opens up a series of 
questions on the variability of lead isotopes of lead white that will be taken into account in 
this study. 
The combination of data obtained from lead isotope ratios, the possible date and 
location of the production of the painting, as well as contextual research into historical socio-
economical events, will open a new way to study paintings using the isotopic composition of 
pigments. This will contribute to novel and increasingly more accurate information that can 
be used by cultural heritage researchers to date, attributes and understand artworks. 
 
2: Results  
 
Lead white was sampled from paintings that cover a time period from 1588 until 1700, with 
three paintings from the end of the 16th century (Table 1). The majority of the paintings were 
made in the Netherlands, but 4 samples came from paintings produced during the travels of 
Dutch artists outside the country. They will be discussed in detail below. The lead isotope 
data for lead whites in 17th century Dutch paintings are generally comparable with the 
available literature data (Fortunato et al. 2005, Fabian et al. 2010, Tummers 2019, van Loon 
et al. 2019). Overall the lead isotope ratios of the lead white range between 18.386 to 18.524 
for 206Pb/204Pb, 15.625 to 15.642 for 207Pb/204Pb and from 38.372 to 38.499 for 208Pb/204Pb. 
The Pb isotope data are presented in bi-variant diagrams, 206Pb/204Pb vs 207Pb/204Pb and 
206Pb/204Pb   vs 208Pb/204Pb (Figure 1). The data demonstrates that there is significant 
variation in the lead source used in the 17th century to produce lead white, but there is no 
visible systematic distinction between samples produced by specific artists. Figures 1a and 
1b show four points that are visibly distant from the rest of the samples. These four samples 
failed the Grubb’s test, used to detect outliers, and therefore they are considered outliers 
(the test was applied assuming a normal distribution of lead isotope ratios of the data as 
asymmetry and kurtosis of the dataset calculated to be less than 2, therefore it can be 
considered normally distributed) as the four samples have at least one outlier for 206Pb/204Pb 
or 208Pb/204Pb ratio (more detailed explanation can be found in the section outliers). 
CHAPTER 4: TIME-DEPENDENT VARIATION OF LEAD ISOTOPES OF LEAD WHITE IN 17TH CENTURY DUTCH 






Figure 1: Lead isotope ratios. Three lead isotope figures reporting a) 207Pb/204Pb vs 206Pb/204Pb and b) 208Pb/204Pb vs 206Pb/204Pb for 
the studied lead white samples from this work by artist. The cross in the top left indicates the long term reproducibility of the method 
 2.1: Lead isotope ratios vs time 
 
The advantage of examining Pb isotope data on bi-variant isotope ratio diagrams is 
that any mixing between two lead sources results in a straight line mixing relationship. The 
disadvantage is that for each diagram several degrees of freedom, recorded by time-
integrated decay of the three parent isotopes (235,238U/Pb and 232Th/Pb) are not included as 
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a single graph can contain only two isotopic ratios. Moreover comparison of lead isotope 
ratios again time is even harder to use as only one ratio at the time can be studied. 
Therefore, in order to include information from all the independent Pb isotope variables 
simultaneously, and allow easily consideration of isotopic variations with time, the lead 
isotope ratios were treated following a method described by Keisch & Callahan (1976) 
(Keisch et al. 1976). This approach computes a single value from all the 20xPb/204Pb isotope 
ratios, in the Lead Isotope Ratio Index (LIRI, see methods and supplementary material). 
Although undoubtedly a simplification of the entire variation of the data, LIRI contains the 
main information recorded by all the isotope ratios and values can be plotted against time 
Figure 2. The LIRI data show two main data clusters (1588-1642 and 1648-1680 c.a., more 
details about the statistical significance of the differences between these two clusters is 
discussed in the method section) with a transition in the period 1642-1647. These time 
periods are indicated by three boxes in Figure 2. Only three samples, already identified as 
potential outliers, fall outside the three main groupings identified in the period 1588-1680.   
 
 
Figure 2: LIRI values against time: for the studied lead white samples divided in three clusters that cover the time periods: 1588-1642, 
1642-1647 and 1647-1680. The periods 1588-1642 and 1647-1680 record limited isotopic variation indicating relatively stable lead 
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supplies. Period 1642-1647 represents a transition of lead isotope ratios of lead white. The data include the results obtained for Frans 
Hals paintings (Hals F. bis) from Tummers et al. 2019 (27). The error on the LIRI is smaller than the marker. 
 
The period between 1588-1642 is characterized by LIRI values between 18.271 and 
18.304. Although the data set only includes 2 samples from the end of the 16th century, the 
LIRI values of these two samples are in accordance with 17th century Dutch paintings before 
the 1642 transition. This indicates the existence of a lead supply chain used to produce lead 
white that was already functional at the end of the 1500s, and remained constant for at least 
four decades.  
The five years following 1642 show a transition to higher LIRI values that reached an 
equilibrium in the period 1647-1680. It thus took around 5 years to stabilize to a new stable 
isotopic composition (1642-1647), which indicates a change in the source of lead supplied 
for the production of lead white. The timing of the observed isotopic transition coincides with 
three major socio-economic events in Europe that would have had a major influence on the 
lead supply chain: i) A constant increase in the demand for lead in everyday life and warfare 
in the 17th century. England was the major lead producer, and underwent an expansion in 
production leading to the exhaustion of parts of some mines and the opening of new ones. 
These developments likely caused changes in the average lead isotope ratios of the product 
added to the market (Blanchard 1995, Burt 1995); ii) The 80 Years’ War ended in continental 
Europe in 1648 with the treaty of Munster, when the Dutch Republic was recognized as an 
independent state. Both the peace and the independence of the Dutch Republic would have 
led to new trading agreements and therefore to potential changes in lead supplies; iii) The 
English Civil War, 1642-1651, temporarily altered the English dominance in the lead 
production and trading market (Burt 1995). The 1642-1647 transition in the lead isotope 
ratios recorded in the LIRI values indicates, however, that the source of lead did not change 
immediately. This is logical because even if a new supply chain was established, resources 
held by suppliers would take time to be consumed, and artists would have supplies stored 
in their studios. The duration of the isotopic transition recorded in the LIRI values indicates 
that existing resources were gradually employed and potentially mixed with new lead.  
In the period 1647-1680, the LIRI values are between of 18.297 and 18.326, with a 
similar degree of variation as observed for lead white used before 1642. This is an indication 
of a stabilization of lead supplies. Samples from paintings made after 1680 appear to be 
isotopically more variable but the dataset from this period is limited. Although based on a 
more limited number of samples, the higher variation of isotopic values in this period could 
be related to the rising tension and wars associated with the Third Anglo-Dutch War (1672–
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74) and the Franco-Dutch War (1672-78). More samples and more historical documentation 
is needed of the trading history and mine exploitation in order to better characterize and 
understand the cause of the isotopic composition of lead white in this period.     
Based on the isotopic differences of paintings, the LIRI values can help differentiate 
between early and late works of an individual artist. Figure 3 plots the LIRI values against 
time for paintings from individual artists active for many decades around the middle of the 
century, F. J. Post, D. D. van Santvoort and Rembrandt, and shows the different isotopic 
composition in their early and late works. The temporal control in lead isotope ratios will 
potentially be useful for art historians as they inform a time scale for the development of an 
artist’s oeuvre. The key observations are that it appears possible to determine the time 
period of production of a Dutch painting, and restrain it to the intervals discovered in Figure 
2. Unfortunately, lead isotope ratios do not have the resolution power to identify between 
artists who were active in the same time period. More extensive analyses on the work of 
single artists active for several decades are needed in order to improve this aspect, possibly 
aiming to create an isotopic fingerprint for each artist. 
 
 
Figure 3: LIRI values against time: LIRI values against time for lead white from three artists who were active pre- and post-1645. 
 
The temporal changes deduced from analysis of the LIRI data is used to analyzes 
again the 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb isotope ratios, Figure 4. Once the 
samples are divided according to the cluster identified using the LIRI it is possible to 
distinguish paintings made in different periods of the 17th century. Paintings produced before 
1642 have lower 208Pb/206Pb, 207Pb/206Pb and 206Pb/204Pb compared to the paintings made 
between 1647-1680, while the paintings belonging to the transaction period, 1642-1647, 
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have values that fall in-between the two groups. The figure also shows that the samples 
taken from paintings dated after 1680 are not well defined and subject to higher variation.  
The LIRI proved to be a valid method to study lead isotope ratios of lead white, 
allowing to identify temporal clusters that can be used to better interpret the isotopic data of 
paintings, and frame them in time. Moreover, this method also allows a comparison between 
the data in this study with older data, as for example, those presented in Tummers et al. 
2019 (Tummers 2019). In fact, Figure 2 also include the data from Frans Hals by Tummers 
et al 2009 (Hals F. bis in the legend), and it is possible to see how the isotopic composition 
of these samples is consistent with the findings of this study, with the isotopic composition 




Figure 4: Lead isotope ratios in time: Three lead isotope figures reporting a) 207Pb/204Pb vs 206Pb/204Pb and b) 208Pb/204Pb vs 
206Pb/204Pb for the studied lead white samples divided in temporal clusters identified used the LIRI (outliers are excluded 
from the diagrams). The cross in the top left corner indicates the long term reproducibility of the method. 
CHAPTER 4: TIME-DEPENDENT VARIATION OF LEAD ISOTOPES OF LEAD WHITE IN 17TH CENTURY DUTCH 
PAINTINGS: FRAMING PAINTINGS IN TIME USING LEAD ISOTOPE RATIOS OF LEAD WHITE 
95 
 
 2.2: Variation of lead isotope ratios within and between paintings 
 
To fully comprehend the significance of the observed isotopic variation in 17th century 
Dutch paintings it is important to address the isotopic heterogeneity present within a single 
painting discussed in D’Imporzano et al. 2020 (D'imporzano et al. 2021). This is particularly 
important as lead white is used in multiple ways in the build-up of a painting (Homburg 1996, 
Stols-Witlox et al. 2012, Stols-Witlox 2014). Examinations of 17th century Dutch paintings 
indicate that most artists used different qualities lead whites in the same painting. Although 
there are some variations, in general, the highest quality with a finer grain size and greater 
purity, was used for the highlights, whereas a less pure pigment with a more heterogeneous 
grain size was often employed for other paint and ground layers, or as a siccative added to 
the oil. D’Imporzano et al. (2020) (D'imporzano et al. 2021) found that lead isotope values 
within individual paintings vary by up to 4 times the analytical uncertainty (2 SD) in 
206Pb/204Pb, equal to a tenth of the variation of Dutch paintings in this study (44.5 2SD Figure 
5a and b). These observations suggest that different lead white batches having comparable, 
but not identical, lead isotope compositions, were used in creating these paintings. The 
observed intra-painting isotopic heterogeneity may therefore be larger than typical extra-
painting variations of periods when lead supply chains were stable, for instance, the total 
isotopic variation of the 1647-1680 period.  
Figure 5c shows data from intra-painting lead isotope ratios variation as LIRI, plotted 
against the dataset created for this study in Figure 5c. The Figure indicates that isotopic 
variance of lead white within individual paintings is within the variance recorded during the 
relevant time periods and hence does not impact the overall temporal variations recorded in 
the 17th century database. The lead isotope composition of lead white used in 17th century 
Dutch paintings can therefore be employed to constrain the period in which an individual 
painting was created, also taking into account the painting’s lead white internal isotopic 
variation. The exceptions are for paintings created between 1642 and 1647 when the source 
of lead changed, and after 1680, the period for which the database is currently too limited. 
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Figure 5: LIRI and Heterogeneity of lead isotope ratios of lead white: Three lead isotope figures reporting a) 207Pb/204Pb vs 206Pb/204Pb 
and b) 208Pb/204Pb vs 206Pb/204Pb for the studied lead white samples divided in temporal clusters identified used the LIRI (outliers are 
excluded from the diagrams). c) LIRI values of the same samples. Lead isotope heterogeneity of lead white within individual paintings 
presented per artist (28,29). The cross in the top left corner indicates the long term reproducibility of the method 
 2.3: Outliers 
 
These samples are from the following paintings (all Rijksmuseum): The Cattle Ferry, SK-A-
31 by N. P. Berchem c. 1655; Aletta Pancras (1649-1707) Wife of François de Vicq, SK-A-
2418 by G. ter Borch, signed and dated 1670, The Painter’s Studio, SK-A-298 by A. van 
Ostade, c. 1647-1650 and Brazilian Village, SK-A-4272 by F. J. Post, 1675-1680. The 
Nicolaes Berchem painting was produced around 1655. It is known that the artist travelled 
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and lived in Italy between 1651 and 1655, after which he returned to Haarlem, the 
Netherlands. This suggests that the lead white could be of Italian origin; however, this 
hypothesis is not supported by the isotopic data. Lead isotope data for lead white used in 
Italy, for example, analyses of 16th-century lead white cones exported from Venice, record 
limited variation (18.37-18.38, 15.67-15.68 and 38.52-38.54 for the 206Pb/204Pb, 207Pb/204Pb 
and 208Pb/204Pb respectively (9)), with ratios comparable to literature data from 14th to 18th 
century Italian paintings (6-8). These data are markedly different to those in Berchem’s 
painting. The lead white in the painting has a 206Pb/204Pb value similar to Italian lead white, 
but distinctly lower 207Pb/204Pb and 208Pb/204Pb ratios that are inconsistent with those 
associated with Dutch or Italian lead whites, or a mixture of the two. The most likely 
explanation appears to be that the painting was made using lead white acquired from a local 
and uncharacterized source during the artist’s return to the Netherlands from Italy. 
Adriaen van Ostade (SK-A-298, c. 1647-1650) painting was produced while the artist was 
in   Haarlem, the city where he lived from 1634 until he died in 1684. The reason behind the 
difference in lead isotope composition of this sample compared to the rest of the samples 
analyzed for this work is unclear.  
Two more outliers are the samples from Frans Post’s painting (SK-A-4272, c. 1675-1680) 
and Gerard ter Borch (SK-A-2418, 1670). The two paintings were produced by the artists 
when working in the Netherlands. Ter Borch was in Deventer in 1670 and Post in Haarlem. 
These two samples come from works that are dated after 1670, a period that is still not fully 
characterised by lead isotope analysis. More information should be acquired about the 
isotopic composition of lead whites in this period in order to better understand their isotopic 
composition. 
 2.4: Paintings produced outside the Netherlands  
 
Six paintings were produced outside the Netherlands, with five having Pb isotope 
ratios comparable to the lead white used in the low countries during the 17th century: Godard 
van Reede (1588-1648), Lord of Nederhorst. Delegate of the Province of Utrecht at the 
Peace Conference at Münster (1646-48), SK-A-3842, G. ter Borch, 1647, Munster; View of 
the Island of Itamaracá, Brazil, SK-A-4271, F. J. Post, 1637, Brazil; Still Life SK-A-2564, J. 
F. Grueber, c. 1670, Stuttgart; Portrait of Rycklof van Goens, Governor-General SK-A-3766 
and Portrait of Cornelis Speelman, Governor-General of the Dutch East Indies, SK-A-3767, 
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both attributed to M. Palin, c. 1690 Jakarta; Cimon and Pero, SK-C-1802, W. Drost, 1655-
1659, Italy. 
Paintings by Borch (1647) and Grueber (1670) were produced in the western part of 
Germany, Munster and Stuttgart respectively. It is likely that Dutch lead white was used due 
to the proximity of the two countries and the leading position of the Netherlands as lead 
white producer.  
The painting of Post, dated 1637 according to the staff at Rijksmuseum of 
Amsterdam, is purportedly from the beginning of his stay in Brazil. However other studies 
proposed this painting was produced upon the artist’s return to the Netherlands (Wadum 
2002, Roscam Abbing 2021). The lead isotope data demonstrate that the lead white used 
by Post is identical to that present in 17th century Dutch paintings. In particular, the LIRI 
indicates that the lead white is similar to that used in the Netherlands in the first half of the 
1600s.  At this time, the Netherlands was the major international producer of lead white but 
there are no specific written records of trading lead white to Brazil. The isotopic data, 
therefore, support three viable scenarios: i)  the painting was produced by Post in Brazil and 
the artist brought Dutch lead white with him; ii) the paint was made in Brazil with Dutch lead 
white bought in the country because of trading between the Netherlands and South America; 
iii) the painting was made by the artist in the Netherlands and according to the LIRI it was 
painted shortly after his return in 1644. Further historical research is required to clarify which 
scenario is correct.  
The paintings attributed to Palin (1690), who was active only in Jakarta, also have 
isotopic values consistent with Dutch lead white. Most of Indonesia is formed of recent 
volcanism and hence is characterized by lead isotope ratios distinct from Europe (Stolz et 
al. 1990, Vroon et al. 1993). This implies that either Dutch lead white was traded to this part 
of the world during the 17th century, or potentially that the attribution is incorrect and that the 
painting was made in the Netherland by another artist. Further art historical research is 
required to resolve these possibilities.  
An interesting case of study is provided by the painting by Willem Drost. The artist, 
who was a pupil of Rembrandt, was active as an independent artist in Amsterdam in the 
period 1652-1654 and died in Venice in 1659. On the basis of stylistic characteristics, the 
painting entitled Cimon and Pero (SK-C-1802) was thought to derive from his Italian period 
and to have been painted in Venice c. 1655-1657 (Table 1). The lead isotope values of lead 
white from this painting are consistent with 17th century Dutch lead white, in particular, the 
years around 1650 while the artist was active in Rembrandt’s studio and set up his own 
CHAPTER 4: TIME-DEPENDENT VARIATION OF LEAD ISOTOPES OF LEAD WHITE IN 17TH CENTURY DUTCH 
PAINTINGS: FRAMING PAINTINGS IN TIME USING LEAD ISOTOPE RATIOS OF LEAD WHITE 
99 
 
studio in Amsterdam. An Amsterdam provenance is further supported when the data are 
compared with samples from other paintings from Rembrandt’s workshop, for example, The 
Holy Family at Night (SK-A-4119), which was painted in the period c. 1642-1648.   This lead 
white has lead isotope comparable to Drost‘s Cimon en Pero (Table 1). It is unlikely that the 
artist brought Dutch lead white with him to Italy, as the material was readily available in 
Venice and of high quality. The observed Italian influences in the painting can be explained 
by the numerous Italian works that were in Amsterdam at the time. Moreover, Drost made a 
preparatory drawing for this painting, which dates from his Amsterdam period. Integrating 
this information with the lead isotope data strongly suggest that the painting was produced 
by the artist in Amsterdam before his departure to Italy in 1655. 
 
3: Discussion  
 
The lead isotope analysis of 77 dated Dutch paintings from 27 artists, represents a 
unique database of the lead whites used in the Netherlands in the 17th century. The lead 
isotope compositions record a clear time dependence that is best visualized when plotting 
LIRI against time. There is a shift in lead isotope compositions during the period 1642-1647, 
and a second change is indicated after 1680.  
The changes in lead isotope ratios in lead white are directly connected to historical 
events. The period 1642-47 coincides with the English Civil War, when the demand for lead 
increased and lead production in England, the major European producer, was significantly 
hampered resulting in changes in the international supply of lead. The second temporal 
change after the 1670s was associated with the rising tension, and conflicts, that took place 
between the English, Dutch (third Anglo-Dutch war, 1672-74) and French (Franco-Dutch 
war, 1672-78). These conflicts may have caused alterations in the supply routes of lead. 
The wars also imply that a huge amount of lead was used to produce ammunition and 
therefore less lead was available for other purposes. It cannot be excluded that this led to 
the use of other lead sources and to limited recycling of lead with different compositions, to 
produce lead white. These observations may in part explain two of the sample outliers, the 
paintings by Ter Borch (SK-A298, 1670) and Post (SK-A-4272, 1675) produced during the 
1670s. The authors recognize that more samples should be investigated from the end of the 
17th century to better set the parameters of the possible variations in lead trade and usage.  
The identification of a time dependent variation of lead isotope ratios of lead white 
gives the possibility to distinguish early and late works by individual artists (Figure 3). 
CHAPTER 4: TIME-DEPENDENT VARIATION OF LEAD ISOTOPES OF LEAD WHITE IN 17TH CENTURY DUTCH 
PAINTINGS: FRAMING PAINTINGS IN TIME USING LEAD ISOTOPE RATIOS OF LEAD WHITE 
100 
 
Moreover, the building of the lead isotope database (now limited to the Dutch 17th century 
with the possibility to extend it to other periods), gives art historians a unique tool to help 
expand the knowledge of the provenance of material used by artists and hence the time of 
production of disputed Dutch 17th century paintings. A significant observation is that some 
paintings produced outside the Netherlands by Dutch artists were painted using Dutch lead 
white, supporting the notion of the Dutch as world leaders in the production and trade of 
lead white. The potential power of the technique is stressed by analysis of a painting by 
Drost that was previously ascribed to the last years of his life during his stay in Italy. Lead 
isotope analysis clearly demonstrates not only that the painting was made using Dutch lead 
white (isotopically different to Italian lead white), but it was also possible to date the painting 
to around 1650, when the artist was active in Amsterdam. 
Further study on 17th century Dutch paintings are required in order to expand the 
database, and better characterize the beginning and end of the century. Furthermore, the 
temporal changes observed in Dutch paintings raises the question of how socio-economic 
events influenced lead trade in other parts of Europe and hence caused changes in lead 
isotope ratios in lead white. Based on the differences in lead production and trade across 
Europe (Blanchard 1995, Burt 1995), different temporal variations in lead isotopes are to be 
expected. The lead isotope signature within the Netherlands is generally characteristic of a 
specific part of the 17th century. Individual artists active at the same time cannot be 
distinguished based on lead isotope analysis. Further systematic studies appear warranted 
to evaluate the full power of the technique to the cultural heritage field in providing more 
information on the production and trade of pigments, travel of the artists and in some cases 
authentication-attribution of artworks. More investigation of historical documents relevant to 
lead trade and lead white production will be necessary in order to obtain a full regional 
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4: Materials and Methods 
 4.1: Samples 
 
The lead white paint samples were chosen according to the following criteria: i) 
Samples were taken from existing cross sections; ii) The time of painting production was 
known to a maximum uncertainty of 5 years (e.g., 1650-1655); iii) The artists were active in 
the Netherlands, except for selected case studies. The location of production for each 
painting was researched using data from the Rijksbureau voor Kunsthistorische 
Documentatie (RKD) – Netherlands Institute for Art History website (https://rkd.nl/en/), which 
combines the year of production and the location of activity of the artist. In this way, it was 
possible to know which paintings were painted outside of the Netherlands. Six paintings all 
from the Rijksmusuem, Amsterdam, produced outside the Netherlands were chosen to 
provide further insights into artists’ practices during their travels, i.e., to establish if artists 
transported their own pigment materials with them or used local supplies.  
  4.2: Method 
Following the procedure described in D’Imporzano et al. (2020) (D'Imporzano et al. 2020) 
the lead white pigment samples were obtained from cross-sections using a micro scalpel. 
This method allows sampling of individual paint layers of a cross section between 10 and 50 
μm in width. Samples were placed in a pre-cleaned 1.5 mL centrifuge tube and dissolved in 
1 mL 2M HNO3. The solutions were then transferred to 7 mL Teflon beakers, dried down 
and re-dissolved in 0.2 mL 0.7M HBr. The Pb fraction was separated from the matrix by 
liquid chromatography using AG®1-X8 anion exchange resin (analytical grade, 200–400 
mesh, chloride form). The concentration of the Pb fraction was determined with inductively 
coupled plasma mass spectrometry (ICPMS). A 2 mL 1% HNO3 solution containing 100 ng 
of Pb (50 ppb) was prepared for each sample. The solutions were analyzed using a Thermo 
Fisher multi-collector-ICPMS using a standard sample bracketing method (SSB). An 
NBS981 lead solution, two in house internal standards and a blank were analyzed to monitor 
data quality for each batch of 18 analyses. The blank solutions, prepared following the same 
procedure as the samples, were analyzed by isotope dilution with a 208Pb spike solution of 
known isotopic composition. This procedure determines the precise amount of external lead 
introduced during sampling and sample preparation. In all cases, blank contribution was 
insignificant, < 0.01%. 
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Measurements were performed using a desolvating nebulizer system, CETAC Aridus II 
operating at approximately 4–5 L min–1 of Ar sweep gas, 0.01–0.02 L min–1 nitrogen and 
with temperature settings of 110°C for the spray chamber and 160°C for the membrane. 
Lead ion beams were about 0.2 V ppm–1 and were measured on Faraday cups equipped 
with 1011 Ω amplifiers. A gain calibration was performed on the 1011 Ω amplifiers once per 
week. The instrument operated with a RF power of 1290 W. Faraday cup detectors were 
assigned to the following masses: 201Hg L4, 202Hg L3 ,204Pb L2, 205Tl L1, 206Pb C, 207Pb H1 
,208Pb H2, 209Bi H3. 
 4.3: Statistical analysis 
 
The analytical method is designed to correct for isobaric interferences caused by the 
presence of 204Hg on the 204Pb by determining the abundance of the more abundant 202Hg 
isotope during the analyses. No Hg interferences were detected during the analyses. An 
analysis of a sample consisted of one block of 100 cycles of 4 seconds integration time.  
Lead isotope data were processed using the Sample Standard Bracketing (SSB) 
method. The data were corrected for mass-fractionation using an exponential law: 
 
Rv(20xPb/20yPb) = Mv(20xPb/20yPb)·(m20xPb/m20yPb)β                                                          [1] 
 
Rv(20xPb/20yPb)  = real value of the (20xPb/20yPb) ratio 
Mv(20xPb/20yPb) = measured value of the (20xPb/20yPb) ratio 
m = mass of the specific lead isotope 
β = mass fractionation coefficient of (20xPb/20yPb) ratio 
x,y = 4,6,7 or 8 
 
During the SSB method a standard solution NBS981, of known isotopic composition, is 
analyzed before and after each sample (Std1 and Std2). The measured values of the two 
standards are used to obtain the mass fractionation coefficient β (β Std1 and β Std2) using 
equation [1]:  
 
Β(Std1,Std2) = ln(Rv(Std)(20xPb/20yPb)/Mv(Std)(20xPb/20yPb))/ln(m20xPb/m20yPb)                          [2] 
 
The β Std1 and β Std2 are then used to correct for mass fractionation the measured value of 
the sample according to the equation: 
 
Rv(sample)(20xPb/20yPb) = Mv(sample) (20xPb/20yPb)·(m20xPb/m20yPb) ((β Std1+ β Std2)/2)  [3] 
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The error on an isotopic ratio was calculated using the SE obtained by the Thermo Fisher 
MC-ICPMS software. The error on the measurement is given as corrected 2SE (error 
propagation after the real value of the isotopic ratio is obtained using equation [3]). The 2SE 
is obtained using the equation: 
 
                   2SE = 2 ∗ ( ) +  ( ) +  ( ) ∗ Rv(sample)                         [4] 
The long term precision of the method is calculated as twice the Standard Deviation, 2SD, 
of replicates of a NBS981 standard (values from Thirlwall et al. 2002 (Thirlwall 2002)) 
analyzed over a period of two years (N >100). This is equal to 0.0031 for the 206Pb/204Pb, 
0.0034 for the 207Pb/204Pb, 0.011 for the 208Pb/204Pb, 0.00008 for the 207Pb/206Pb    and 
0.0002 for the 208Pb/206Pb.  
 4.4: LIRI 
 
The observed higher variation in the 206Pb/204Pb ratio compared to 207Pb/204Pb and 
208Pb/204Pb ratios is in line with the rate of U and Th decay and previous analyses made on 
lead white (Keisch et al. 1976, Fortunato et al. 2005, Fabian et al. 2010, D'Imporzano et al. 
2020). These variations are consistent with the isotopic variation in lead ores worldwide that 
record > 40% variation in 206Pb/204Pb and ~6.5% in 207Pb/204Pb. Keisch & Callahan (1976) 
(Keisch et al. 1976) previously identified that 206Pb/204Pb is the most powerful ratio for 
identifying patterns of lead isotope variation in populations of lead white. By plotting the 
points in their study (coming from hundreds of samples from paintings from the 12th to 20th 
century) in a two-dimensional graph, 207Pb/204Pb vs 206Pb/204Pb, Keish & Callahan (1976) 
were able to identify several clusters. By outlining the points in each cluster, they identify 
that the preponderant distinguishing characteristic was the 206Pb/204Pb ratio. They also 
observed that the clusters were all similar in shape, essentially consisting of ellipses with 
the long axes inclined at about 45 degrees from lower left to upper right. These ellipses were 
spread along a horizontal line at a 207Pb/204Pb value that averaged approximately 15.5. 
Therefore the values of the 206Pb/204Pb ratios were modified by applying a correction based 
upon the 207Pb/204Pb ratio so as to project the former ratio onto a horizontal line at 
207Pb/204Pb = 15.5 along a line parallel to the axes of the data ellipses. These transpositions 
yielding a set of once-modified 206Pb/204Pb ratios designated (6/4)’. A similar plot of 
208Pb/206Pb vs (206Pb/204Pb)’ yielded an additional modification which in turn was computed 
to twice-modified ratios designated (6/4)” (Keisch et al. 1976). 
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In this way the Lead Isotope Ratio Index (LIRI) was developed and it applies a 
correction to 206Pb/204Pb based on 207Pb/204Pb and 208Pb/206Pb values following the empirical 
equation: 
 
LIRI= 35.385 + 0.4729 * (206Pb/204Pb) – 0.5519 * (206Pb/204Pb) * (207Pb/206Pb) – 8.2561 * 
(208Pb/206Pb) 
 
The LIRI index gives an indication of whether a sample lies within a specific cluster of 
isotopic ratios and allows the integrated isotopic data to be easily plotted against time. If the 
direct comparison of two samples is required, it is important to analyze the data using the 
original lead isotope ratios, because identical LIRI values can be obtained from different raw 
data (Keisch et al. 1976). More detailed reasons on the use of the LIRI are given in Appendix 
section 3. 
 4.5: Statistical significance test of LIRI values pre and post 1642‑1647 
 
The identification of two different paintings clusters needed to be statistically 
assessed in order to understand if the two groups were significantly different. Therefore a 
null hypothesis (no significant difference in the paintings present in the two groups ) and p-
values (95% of confidence) were considered. The p-values were calculated on the LIRI 
values of the 25 paintings dated between 1588-1642 and 36 made in the period 1648-1680. 
For the calculation, Microsoft excel software (t-Test: Two-Sample Assuming Unequal 
Variances, two tails) was used. The calculated p-values = 0.009, with p-values < 0.05 
proving that the null hypothesis can be discarded and therefore it is possible to state that 
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Table 1: lead isotope ratios for all the samples analysed in this work with reported 2 times standard error. The table also 
reports the name of the Artists that produced the paintings, time of production, the museum ID and the 
calculated LIRI. *copy after, **attributed to. 
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Abstract 
 
The soft modelling of the skin tones in Vermeer’s Girl with a Pearl Earring (Mauritshuis) has 
been remarked upon by art historians, and is their main argument to date this painting to c. 1665. 
This paper describes the materials and techniques Vermeer used to accomplish the smooth flesh 
tones and facial features of the Girl, which were investigated as part of the 2018 Girl in the Spotlight 
research project. It combines macroscopic X-ray fluorescence imaging (MA-XRF), reflectance 
imaging spectroscopy (RIS), and 3D digital microscopy. Vermeer built up the face, beginning with 
distinct areas of light and dark. He then smoothly blended the final layers to create almost seamless 
transitions. The combination of advanced imaging techniques highlighted that Vermeer built the 
soft contour around her face by leaving a ‘gap’ between the background and the skin. It also 
revealed details that were otherwise not visible with the naked eye, such as the eyelashes. 
Macroscopic imaging was complemented by the study of paint cross-sections using: light 
microscopy, SEM–EDX, FIB-STEM, synchrotron radiation μ-XRPD and FTIR–ATR. Vermeer 
intentionally used different qualities or grades of lead white in the flesh paints, showing different 
hydrocerussite/cerussite ratios and particle sizes. Lead isotope analysis showed that the geographic 
source of lead, from which the different types of lead white were manufactured, was the same: the 
region of Peak District of Derbyshire, UK. Finally, cross-section analysis identified the formation of 
new lead species in the paints: lead soaps and palmierite (K2Pb(SO4)2), associated with the red lake. 





The idealised figure in Johannes Vermeer’s Girl with a Pearl Earring (c. 1665, 
Mauritshuis, the Netherlands, Fig. 1a) conveys a sense of timeless beauty. The painting 
does not depict a specific person, but was intended as a tronie: a character study of a girl 
dressed in exotic costume (Wadum et al. 1994). Her skin is soft and smooth, with an 
impeccable transition from light to dark from one side of her face to the other. The softening 
of transitions and contours in the face, rather than using sharp lines and definitions, creates 
the effect of sfumato (after Leonardo da Vinci) (Wadum 1998, Broos et al. 2004). In contrast 
to the face, the headdress and jacket are painted in a more free and spontaneous manner. 
The Girl is silhouetted against a dark background, which makes her face appear lighter, 
enhancing the three-dimensional effect of the composition (Vandivere et al. 2019). Girl with 
a Pearl Earring holds a special place in Vermeer’s oeuvre, which for the most part is 
comprised of domestic interior scenes. The only other painting in which he depicted a single 
female half-figure against a dark background is Study of a Young Woman (c. 1665–1667, 
The Metropolitan Museum of Art, New York). These works are of a similar size, were almost 
certainly painted at around the same time, and are both considered to be tronies (Liedtke 
2007). Vermeer developed the techniques to render soft flesh tones around 1665, in 
paintings such as Woman Holding a Balance (c. 1664, National Gallery of Art, Washington) 
and Young Woman with a Water Pitcher (c. 1662, The Metropolitan Museum of Art, New 
York) (Wheelock et al. 1995). Soft modelling is also the main argument to date the 
Mauritshuis’ Girl with a Pearl Earring to c. 1665 (Broos et al. 2004). Vermeer exploited the 
‘turbid medium effect’ (blue hued scattering) to create cool midtones. Applying a thin light 
paint layer on top of a warm dark underpaint, so that the underlayer remains somewhat 
visible, makes the upper layers appear cooler in tone: the shorter (blue) wavelengths are 
reflected by the lead white particles, while the longer (red) wavelengths penetrate deeper in 
the layer structure and are absorbed by the dark underpaint (Costaras 1998, De Behault 
2010). In his later paintings, Vermeer seems to have changed his approach, using a 
technique that sets him apart from his Dutch contemporaries. He applied paint containing 
the pigment green earth on top of the other flesh colours to create shadows in the skin tones 
(Costaras 1998, Gallery 2013). Gifford and Glinsman reported the use of green earth in at 
least fifteen of his works, mainly in the skin tones (Gifford et al. 2017). Girl with a Pearl 
Earring appears to conform more closely to the techniques used in the 1660s, rather than 
his later works. This paper investigates the techniques and materials Vermeer used to 
construct the soft flesh tones and facial features in Girl with a Pearl Earring. The 2018 Girl 
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in the Spotlight research project involved in-depth technical examination of the painting 
using advanced imaging techniques, since its last treatment in 1994 (Vandivere et al. 2019). 
Results are presented from macroscopic X-ray fluorescence scanning (MA-XRF), visible 
and near-infrared reflectance imaging spectroscopy (RIS), as well as three-dimensional 
digital microscopy. MAXRF analysed the chemical elements in the paint, in both surface and 
subsurface layers, from which the pigments could be inferred (Alfeld et al. 2011). RIS is 
complementary to MA-XRF, and provided molecular information about pigments. The main 
body of RIS results is topic of another article in this series (Delaney et al. 2020). 3D digital 
microscopy imaged the entire painting at 35× magnification, resulting in c. 9000 tiles that 
were stitched together providing a visual image of 4.4 μm/pixel size (almost 6000 dpi). To 
complement the results from macroscale imaging, and because no clear samples had been 
taken from the skin in the 1990s (Groen et al. 1998), the opportunity was taken to sample 
the flesh tones. One sample was collected from a pink highlight, and one from a shadow of 
the skin (Fig. 1a). These were prepared as paint cross-sections, and examined using 
multiple analytical techniques: scanning electron microscopy combined with energy 
dispersive X-ray analysis (SEM–EDX), focused ion beam–scanning transmission electron 
microscopy (FIB–STEM), synchrotron radiation microscopic X-ray powder diffraction (μ-
XRPD), Fourier transform infrared-attenuated total reflectance spectroscopy (FTIR–ATR), 
and lead isotope analysis. This yielded new information about the stratigraphy and thickness 
of the layers at discrete locations, and confirmed the presence of pigments inferred from 
MA-XRF. It also allowed a deeper analysis of the lead white pigment used in the under-
layers and surface layers. The XRPD analyses of the different types of lead white, carried 
out as part of the 2018 Girl in the Spotlight research, are published elsewhere (De Meyer et 
al. 2019). These are briefly summarised in this paper, and presented together with new 
information from SEM–EDX, FTIR-ATR and lead isotope analysis. This provided new 
insights into Vermeer’s intentional use of different types of lead white in the skin tones. 
Finally, FIB–STEM and FTIR–ATR revealed the formation of new lead species, as a result 
of ageing and degradation of the paint, which has consequences for the present appearance 
of the Girl’s face.  
 





Figure 1: a Johannes Vermeer, Girl with a Pearl Earring, c. 1665, oil on canvas, 44.5 x 39 cm, Mauritshuis, The Hague (inv nr 670). a 
René Gerritsen Art & Research Photography visible light image, with corresponding MA-XRF maps: b, c lead (Pb-L), d iron, e lead (Pb-
M), f mercury, g potassium, h calcium, i copper. 
 1.1: Stack process lead white (Dutch method) 
 
 Seventeenth-century Dutch artists typically used stack process lead white. During its 
manufacture, strips of metallic lead were placed over weak acetic acid (vinegar) in porous 
earthenware pots. Several pots were stored in sheds and covered with fermenting (horse) 
manure, which produces heat and carbon dioxide (CO2) (Roy 1993). The stack process 
leads to the formation of a lead white pigment containing hydrocerussite (HC, basic lead 
carbonate: Pb3(CO3)2(OH)2) and cerussite (C, neutral lead carbonate: PbCO3) in an HC:C 
weight ratio between 60:40 and 80:20 (Gonzalez et al. 2017). Changing the synthesis 
conditions, such as corrosion time or extra supply of CO2, could shift this ratio towards a 
higher hydrocerussite or cerussite quantity. The raw material was usually post-processed 
by paint manufactures or painters themselves—for example, by washing or heating the 
pigment in water or vinegar—to obtain different grades or qualities of lead white. Heating in 
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water can account for large-sized crystallites and an increase of hydrocerussite (Stols-Witlox 
2011, Gonzalez et al. 2017). Conversely, washing in vinegar can lead to smaller particles 
and more cerussite. A third post-processing method, levigation, was also used to select only 
the finest pigment particles. Experiments with levigation of lead white showed that the 
fraction of finest particles, obtained by decanting, contains more cerussite than the coarser 
fractions (Albrecht 2012, Stols-Witlox et al. 2012). Both variations in the crystalline ratios of 
HC and C and particle size influence the optical and handling properties of the lead white 
paint when mixed in oil (Albrecht et al. 2013, Gonzalez et al. 2017, Polkownik 2018).  
 1.2: Lead isotope analysis 
 
The isotopic composition of lead in the lead white pigment can potentially provide 
more information about where or how Vermeer obtained the various qualities of lead white 
that he used to paint the Girl’s face. Natural lead occurs as a combination of four stable 
isotopes: 204Pb, 206Pb, 207Pb, and 208Pb. The timeframe and geochemical conditions under 
which the ore is formed determine the lead isotope composition of a lead-containing mineral 
(Faure 1986). This makes it possible to trace the source of the lead back to the mine where 
the ore was extracted, based on the lead isotope ratio. Although within Europe, some mines 
have overlapping isotopic compositions—as is the case for some British, German and Polish 
mines—lead isotope analysis can easily distinguish between Flemish and Italian lead white 
(Fabian et al. 2010). 
 
2: Results and discussion 
 2.1: Building up the three‑dimensionality of the face using underlayers 
 
Vermeer achieved convincing three-dimensionality in the Girl’s face by having the left 
(her proper right) side facing the light and the right (her proper left) side in shadow. There is 
an imperceptible transition between the two sides of the face, which follows her cheekbone. 
Cool midtones define her features, especially around her eyes, and on the side of her nose. 
He built up the skin tones of Girl with a Pearl Earring in several distinct phases, presumably 
leaving them to dry between each step.  
The paint surface was examined using a stereomicroscope at 40× magnification. 
Stereomicroscopy showed that the lit parts of her face (on the left) were underpainted with 
a cream-coloured underlayer, which was thickly applied to also create physical three-
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dimensionality. On top, Vermeer applied a vivid pink surface layer. For the cool midtones, 
including the areas around her eyes, he used a greyish or brown underlayer, on top of which 
he applied a thin flesh paint with a lighter colour. The darker shadows, for example, the 
zigzag-shaped shadow on her cheek and the underside of her nose, are underpainted with 
a reddish brown. The shadow areas are finished with a thin flesh paint, comparable in colour 
to the midtones, but even thinner. The recent observations are in accordance with 
observations made during the 1994 restoration treatment (Costaras 1998). Over time, the 
upper paint layers in the Girl’s skin have become partially abraded, and the underlayers 
have been partially revealed. Many of the damages were retouched as part of the 1994 
treatment (Wadum et al. 1995).  
MA-XRF is capable of visualising the presence of lead in both surface and 
underlayers. The Pb-L signal is the higher energetic emission line of lead, therefore its 
distribution map can contain contributions from deeper within the paint structure. The 
distribution of lead white in the lower layers of her face was difficult to visualise because of 
the contribution of the lead white from the ground (Fig. 1b). To improve legibility, the lead 
(Pb-L) map was digitally adjusted by changing the ‘levels’ in Photoshop (Fig. 1c). The lead 
(Pb-L) map shows a strong contrast between the left (lit) side of the Girl’s face—which shows 
a high Pb-L signal, and the right (shadow) side-which shows a low Pb-L signal. The iron 
map, on the other hand, shows higher iron signals in the shadow areas around her eyes, in 
her nose, cheek and neck (Fig. 1d). The lead (Pb-M) map is from the lower energetic 
emission line of lead, and is usually dominated by lead present in the surface layers (Fig. 
1e). Here, it reveals the omnipresence of lead white in all surface paint layers of the flesh: 
light, mid- and shadow tones. The MA-XRF maps for lead (Pb-M) and mercury (Hg-L) 
indicate that the pink flesh tones on the left (lit) side of the face contains both lead white and 
vermilion (Fig. 1e, f). The thin surface layers used in the upper layers of the mid and shadow 
tones contain earth pigments, lead white and only a tiny bit of vermilion, as inferred from the 
MA-XRF maps of iron (Fe-K), lead (Pb-M), and mercury (Hg-L) (Fig. 1d, e, f). The shadow 
areas correlate with the light (high intensity) areas of the MA-XRF map for potassium (K–K), 
and also appear to contain some calcium (Ca-K) (Fig. 1g, h). Both potassium and calcium 
can be associated with substrates of an organic lake (Saunders et al. 1994, Noble et al. 
2014).  
In the visible light image, the transition between light and shadow in the Girl’s face 
seems flawless and gradual, but evidence from MA-XRF confirms that light, midtone and 
shadow were underpainted and finished with different paints. The different colour areas 
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appear to be more clearly defined in the MA-XRF maps. This shows that from an early stage 
of painting, Vermeer had a clear idea of how he wanted to depict the fall of light and shade 
on the face, and built each area up systematically using underlayers with different colours. 
Gifford pointed out that “Vermeer’s first layers were not simply a compositional guide, but 
that from the start he used it to establish the play of light as a central element describing the 
composition” (Gifford 1998). The underlayers of the Girl’s face show a stronger light–dark 
contrast—varying from a light cream colour for the light areas to a reddish brown for the 
deeper shadows—than is visible in the final image. Vermeer even created a physical three-
dimensionality by applying the light cream-coloured underlayer(s) more thickly beneath the 
light parts of her face. 
 2.2: Upper paint layers: blending and highlighting 
 
Once the underlayers were dry, Vermeer applied the smooth final paint layers on top 
and varied their thickness and composition. In the lit part of the face, the upper layer is 
relatively thick. In contrast, the midtones and shadows reveal very thin applications of final 
paint applied as a scumble, so that the underlayer was left partially exposed and played a 
role in the final colour.  
A detail of the Girl’s cheek shows the smooth blending between three different 
pinkish-brown flesh tones, from light (Fig. 2a: region 1) to cool midtone (Fig. 2a: region 2) to 
shadow (Fig. 2a: region 3). The blending between these areas is so subtle that Vermeer’s 
process for applying the upper layers is difficult to visualise. Presumably, Vermeer softly 
dragged the (slightly) wet paint from one area to another with a dry brush, creating an almost 
seamless transition from highlight to shadow. During the 1994 treatment, small hairs—
presumably from Vermeer’s brush—were found in the flesh paint, especially in the midtone 
areas that required a soft modelling (Wadum et al. 1994). The hairs are visible in the high-
resolution 3D digital micrographs (Fig. 2b). This supports the idea that Vermeer blended his 
paint with a dry brush, and some of the hairs broke off.  
The above shows that Vermeer created the subtle transitions by carefully blending 
the final paint layers. He varied the thickness of the final paint layers, making use of dark(er) 
underlayers in the mid and shadow tones for the final colours. This effective build-up of few 
layers is reported in other paintings by Vermeer (Gifford 1998). It is different from some of 
his contemporary high-end genre painters, especially Frans van Mieris (1635–1681) and 
Gerrit Dou (1613–1675), who used more complicated systems of paint layers (Suchtelen et 
al. 2016, Gifford et al. 2017). The smooth paint surfaces in their very refined paintings were 
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created using multiple thin applications of paint on top of each other. Cross-sections 




Figure 2: a  Polarised light image, showing the soft transitions in the Girl’s cheek: 1: light skin tone, 2: cool midtone, 3: shadow. René 
Gerritsen Art & Research Photography. b  3D digital micrograph of the Girl’s cheek showing small hairs embedded in the paint (some 





Figure 3: MA-XRF and RIS maps showing a contour around the face of the Girl. a  Visible light image. René Gerritsen Art & Research 
Photography,  b  and corresponding black and white-inverted MA-XRF map of iron (performed in Photoshop). c   Color detail of the 
Girl’s face, area marked in (a), d  and corresponding False-color first derivative RIS image showing the location of four regions with 
different reflectance spectra. e  Reflectance spectra from the four regions identified in d. 
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2.3: Conturing the face 
 
Vermeer’s use of contours – defined as the borders between different parts of the 
composition, where one colour approaches another – is considered an important element in 
his paintings (Costaras 1998). Often he created soft transitions between the different forms 
by letting the adjacent paint areas slightly overlap. In other situations, he left a barely visible 
‘gap’ between the forms (Wadum 1998, Alfeld et al. 2011).  
A prominent feature in the iron (Fe-K) map is the contour – relatively rich in iron – 
around the lit side of her face, adjacent to the dark background (Fig. 2d). The contour is 
more clearly visible in the black and white-inverted iron map, where it appears as a dark line 
between the two forms (Fig. 3b). By overlaying the high resolution MA-XRF maps (detail 
strip along the left side of the girl’s face, recorded at a step size of 100 nm) for the elements 
copper (Fig. 4b: Cu-K, as a marker for the black-ground, see also Fig. 1i) and mercury (Fig. 
4e: Hg-L, as a marker for the face), it is clear that the paint layers of the background and the 
pink flesh of the face do not touch each other (Fig. 4f). There is a distinct gap between them, 
which fits the iron zone of the map (Fig. 4c).  
Comparison of the MA-XRF maps with a high-resolution 3D microscopic image (Fig. 
4g) of the contour shows that the iron zone is in fact split into a brown underlayer and the 
cream-coloured underlayer of the face. The 3D digital micrograph revealed a brown paint 
layer within the 1 mm-wide gap between the background and face (Fig. 4g: region 2). It 
corresponds with the iron zone in the MA-XRF map (Figs. 4c,g: region 2). On the left, the 
brown colour is bordered by the dark background paint that contains copper (Figs. 4b,g: 
region 1). On the right, a small margin of the cream-coloured underlayer for the face (Fig. 
4g: region 3) is visible; it was applied after the brown layer. This cream-coloured underlayer 
is not completely covered by the pink surface paint (Fig. 4g: region 4). MA-XRF detects lead 
and iron in this small margin of the cream-coloured underlayer, but the iron signal is slightly 
lower than where the brown underlayer is exposed (but still higher than in the background 
and pink flesh paint) (Figs. 4c,d, g: region 3). The pink flesh paint contains vermilion and is 
visible in the mercury map (Figs. 4e,g: region 4).  
The pigment associated with the contour and adjacent areas were identified with RIS, 
which lends confidence to the pigment inferred from MA-XRF. The RIS spectra are 
representative of the surface of the material, and the interpretation of where the RIS signal 
is originating from is more straightforward than the MA-XRF. Although the collected MA-
XRF signal is sometimes dominated by surface layers if the XRF emission from underlying 
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Figure 4: High-resolution MA-XRF maps of a detail of the face of the Girl. a  Visible light image, with corresponding MA-XRF maps: b  
copper, c  iron, d  lead, e  mercury, and f  overlay of copper (green) and mercury (pink). There is a gap between the paint layers of 
the background (Cu-containing) and the paint layers of her face (Hg-containing). g  The 3D digital micrograph shows the brown sketch 
paint showing through at the contour around her face. The area shown in g is represented by a white box 
 
To enhance the spectral differences between the pigments used in and around the 
contour, the first derivative of the RIS cube was examined. In the false-color first derivative 
image (Fig. 3d), four distinct regions around and including the contour (identified above in 
Fig. 4g) can be seen. To identify the pigments present in these regions, reflectance spectra 
from the RIS cube were examined and are shown in Fig. 3e. On the right is: a light pink area 
that contains vermilion (sharp inflection point near 580 nm) with lead white (absorbance 
feature at 1449 nm) (region 4 in Fig. 3d,e). Next is an aqua-coloured region that contains 
iron ochre (inflection point near 565 nm) with some vermilion and lead white (Fig. 3d,e: 
region 3).  The blue region has some iron ochre (inflection point near 540 nm) and is likely 
painted on an infrared-absorbing underlayer (Fig. 3d,e: region 2).  The green/red region 
shows spectral features characteristic of the dark background (Fig. 3d,e: region 1) (Groen 
et al. 1998). The mottled appearance of the background in the false-color image is due to 
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slight spectral inconsistencies, which are more pronounced in the first derivative spectra. 
These results are consistent with the four regions identified in the visible light image in Fig. 
4g, where the surface layer on the face contains vermilion and lead white, but the vermilion-
rich layer does not extend to the very edge of the left cheek. Instead, an ochre-rich paint 
(possibly containing some vermilion) and lead white are present at the edge, which is likely 
the cream-colored underlayer of the face (Fig. 4g: region 3). The next type of reflectance 
spectra contains ochre on top of a dark layer, as evidenced by the low reflectance in the 
near-infrared spectral region. This is likely the brown underlayer observed (Fig. 4g: region 
2), which is painted on top of an infrared-absorbing layer associated with the background. 
The reflectance spectra from the background show spectral features in the visible spectral 
region associated with the glaze, and a similar low reflectance in the NIR associated with a 
dark underlayer. 
Vermeer applied the brown underlayer at an early stage of the painting process, and 
left it partly visible to create a soft contour around her face. After applying the brown 
underlayer (Fig. 4g: region 2), he painted the underlayer of the Girl’s skin (Fig. 4g: region 3), 
then the upper layer of the skin (Fig. 4g: region 4) – each time leaving part of the preceding 
layer visible. This gradual ‘stepwise’ transition from background to face, leaving a barely 
visible ‘gap’, creates a soft contour between the two colour areas, and contributes to the 
overall spatial illusion of the composition. A similar technique has been observed for the 
contour of the neck of Study of a Young Woman (c. 1665-67, The Metropolitan Museum of 
Art, New York), and for the right contour of the Lady Seated at the Virginal (c. 1675, National 
Gallery London) (Wadum 1998). 
 2.4: Facial features 
 
Seamless transitions from one form to another was an effect Vermeer exploited when 
he painted the Girl’s facial features. Girl with a Pearl Earring is considered to be a tronie 
rather than a portrait of a specific person; this may be why her facial features are ‘idealised’ 
and somewhat indistinct, but look convincing from a distance (B. et al. 2014). The bridge of 
her nose has no contour, and its tip blends into her cheek. The Girl has been described as 
having alopecia, as she appears to have no eyebrows or eyelashes (Albrecht et al. 2013); 
however, the 2018 Girl in the Spotlight research showed that the eyelashes of the right eye 
are visible as tiny black, hatched lines at high magnification (Fig. 2a). The eyelashes of the 
left eye (next to the background) were revealed for the first time in the XRF map for iron (Fe-
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K) (Fig. 4c). They were thinly painted on top of the background using an iron-containing 
paint visible as negative image in the K, Ca and Cu maps (Fig. 1g-i). 
The Girl’s eye contact with the viewer is one of the aspects that makes the painting 
so engaging. Part of the right eye (the Girl’s own left eye) became damaged and has been 
retouched, so Vermeer’s painting technique is better visualised in the left eye (the Girl’s own 
right eye) (fig. 4a). Multispectral infrared reflectography (MS-IRR, 900-2500 nm) showed 
that Vermeer indicated the location of each eye with a black dot at an early stage of planning 
the painting, but shifted the position of the pupil at the painting stage (Gonzalez et al. 2017). 
Vermeer prepared the coloured part of the eye with a dark brown circle. The dark brown 
paint contains no infrared-absorbing black pigments, but is primarily made up of earth 
pigments. The pupil and darker ring around the iris are visible in the MA-XRF map for iron 
(Fig. 4c); however, in the middle of the circle, the iron signal is blocked by the upper layer(s) 
of paint. Examination with the 3D digital microscope showed that he scumbled a light-
coloured paint on top of the dark brown paint to create the iris, leaving the pupil and darker 
ring around the iris in reserve. The paint used for the iris appears warm in colour; however, 
because it was applied thinly, the turbid medium effect (blue-hued scattering) makes her 
eyes appear blue-grey. The eye and eyelid were contoured with reddish-brown and brown 
underlayers. Around the eye, Vermeer applied pink paint on top of the underlayers: it 
contains both lead white and vermilion (Fig. 4d,e). He left the underlayer somewhat visible 
to create the caruncle: the red spot at the corner of the eye (Fig. 4a). Using lead-containing 
paint, Vermeer applied the white of the eye (sclera) and smoothly blended it with the flesh 
paint. He also painted a white dot over the iris to make a highlight. Later, presumably, when 
these layers were dry, Vermeer returned to the eye to add two dots of impasto: one pink dot 
over the caruncle, and two overlapping white dots to reinforce the highlight in the eye (fig. 
4a). The white highlight in the eye applied at two different stages is similar to ‘double dots’ 
in other parts of the painting. 
The Girl’s lips are slightly parted, and their contours are smoothly blended with the 
upper layer of flesh paint. This blending, and the fact that a red glaze extends slightly over 
her teeth, creates the illusion that she is beginning to speak. The Girl’s lips were built up 
using a red-brown underlayer containing red lake. Areas where the red-brown underlayer 
was left exposed are visible in the MA-XRF map for potassium (K-K) (Fig. 1g). On top of 
this, he applied a dark pink layer containing vermilion, and a little lead white, red lake and 
earth pigments (Groen et al. 1998). This was blended with a lighter pink paint to create a 
highlight at the centre of her lower lip. The highlight at the corner of her mouth – two dabs 
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of light paint revealed during the 1994 treatment (Wadum et al. 1994) and the small white 
dots on her lips might have been applied when the paint was dry. Similar to the final dots of 
impasto in her eye, Vermeer made her lips appear moist using subtle light accents in the 
form of small round dots of paint that catch the light.   
The Girl’s ear is in shadow, and is barely defined against her skin. The top of the ear 
is tucked beneath her headscarf. MS-IRR revealed that Vermeer shifted the ear upwards, 
and adjusted the line between her cheek and the headscarf during the painting process 
(Gonzalez et al. 2017). He also softened the definition of the contour of the back of her neck 
where it meets the background (Polkownik 2018, Vandivere et al. 2019).  
Previous researchers noticed the subtle reflection from the white collar on the Girl’s 
chin and jawline (Wadum 1998). Vermeer also masterfully captured this reflection in the 
earring. The pearl itself is barely defined; it has no contours, and no hanger that attaches it 
to the Girl’s ear. Vermeer painted it efficiently with a thin scumble of white paint and a thick 
impasto highlight on top of the shadow of the Girl’s skin (Groen et al. 1998, Gonzalez et al. 
2017). 
 
3: Micro-sample analysis of the materials of the flesh paints 
 3.1: Paint samples from light and shadow parts 
 
Results from non-invasive macroscopic imaging and surface examination showed 
that Vermeer built up his flesh paint efficiently in few layers, with a limited palette. The main 
pigments inferred from MA-XRF were lead white, vermilion, earth pigments, and red lake. 
The study of paint cross-sections helped support observations about the layer stratigraphy, 
and further characterise the materials Vermeer used to paint the Girl’s face.  
 





Figure 5: Paint cross-section from a light pink flesh tone from her forehead (sample 40). a  Sample location b  light microscopic image, 
dark field. c  Corresponding SEM backscattered-electron image, and EDX maps (area marked in (c)) of: d  Hg, e  Pb-M, f  Ca, g  Si, h  
Fe, i  Al. j  Light microscopic image showing location of μ-XRD analysis:  k  distribution map of hydrocerussite, l  distribution map of 
cerussite. m  Light microscopic image showing location of FTIR-ATR analysis:  n  distribution map of the 836 cm-1 band characteristic 
of cerussite, o  1516 cm-1 band characteristic of lead carboxylates. (Note the dark brown rectangle in the middle of the cross-section 
visible in m, which is the result of beam damage from µ-XRPD analysis). 
 
Two new sample locations were carefully selected, based on macroscopic imaging: 
a light pink flesh tone from her forehead, and a dark flesh tone from the shadow on her 
cheek. These were embedded as cross-sections to compare the stratigraphy and pigment 
composition in the light and shadow areas. In the cross-section from the light pink (sample 
40), light microscopy and SEM-EDX found at least three, thick layers of paint (Fig. 5, layers 
2,3,4), with a total thickness of almost 100 µm, applied on top of the warm grey ground (fig. 
5, layer 1). The two cream-coloured underlayers (Fig. 5, layers 2,3) are composed of lead 
white, yellow earth, and occasional particles of red lake, quartz (inferred from EDX detection 
of Si and O), chalk, and fine (carbon-based) black. No vermilion was detected in the 
underlayers. Between the ground (Fig. 5, layer 1) and the lowest underlayer (Fig. 5, layer 
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2), a thin layer appears to be present (layer not numbered), which contains slightly more 
chalk particles. The pink surface paint (Fig. 5, layer 4) is comparable in composition to the 
pink paint in sample 4. It consists of lead white, vermilion, and a few particles of red lake, 
and yellow earth. Also, a single particle of the blue pigment ultramarine (inferred from the 




Figure 6: Paint cross-section a dark flesh tone from the shadow on her cheek (sample 39).  a  Sample location, b  light microscopic 
images, dark field, and c  ultraviolet-induced fluorescence. d  Corresponding SEM backscattered-electron image, e  detail of (d), and 
EDX maps of f  O, g  Pb-M, h  Ca, i  Si, j  Fe, k  Al, l  Hg, m  K, n  S. o  Light microscopic image showing location of μ-XRD of area: p  
distribution map of hydrocerussite, q  distribution map of cerussite. 
. 
The cross-section from the shadow area (sample 39) shows a thick layer of warm 
grey ground (Fig. 8, layer 1, up to 75 µm thick), followed by three very thin applications of 
paint (Fig. 6, layers 2,3,4), which have a total thickness of only 20 to 25 µm: significantly 
thinner than the paint layers in the sample from the light flesh paint. The first, brown 
underlayer (Fig. 6, layer 2) was found to contain small particles of bone black (inferred from 
EDX detection of Ca and P) and red lake. A thin fluorescent organic layer (in the order of 1 
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µm, layer not numbered) is visible at the interface between the ground and brown 
underlayer. Comparable thin interlayers were also observed in cross-sections from other 
areas in this painting, but the precise composition could not be identified (Gonzalez et al. 
2017). On top of the brown underlayer is another more reddish underlayer (Fig. 6, layer 3), 
showing a stronger pink fluorescence in UV than the brown layer. Apart from red lake, it 
contains occasional particles of bone black, yellow earth and vermilion. The final paint layer 
that Vermeer applied is lighter in colour, containing lead white, yellow earth, a little red lake, 
and small particles of bone black. 
The comparison of the samples from the light and shadow tones confirm some of the 
findings from the imaging techniques. Vermeer applied the paint on the lit side of the face 
rather thickly on top of several light-coloured underlayers, whereas he applied the shadow 
part more thinly (as a scumble) on top of dark paint layers so that the underlayers played a 
role in the final appearance. The pigments in the top layers are similar, but are in different 
proportions. The pigment identifications are in accordance with the results from RIS and 
macroscopic X-ray powder diffraction imaging (MA-XRPD) published in companion articles 
(Faure 1986, Groen et al. 1998). 
 3.2: Vermeer’s use of different types of lead white  
 
The SEM backscattered-electron (BSE) images of the cross-sections taken from the 
light and shadow parts of the skin (Figs. 5c, 6d) show the lead white as the brightest white 
particles within the layers. In the sample from the light pink paint (sample 40, Fig. 5c), these 
particles vary in size. The upper paint layer (Fig. 4, layer 4) appears denser and contains 
smaller particles than the underlayers (Fig. 5, layers 2 and 3). The lead white particles in the 
upper layer (Fig. 6, layer 4) of the shadow paint (sample 39, Fig. 6d) are even finer, although 
there are also a few larger grains (clusters of particles) present. 
Differences in particle size as observed with the SEM can be correlated with 
differences in the proportion of hydrocrussite versus cerussite. XRPD can identify the 
crystalline phases of lead white, and quantify the proportions of hydrocerussite versus 
cerussite. The results of µ-XRPD and MA-XRPD are described below. The MA-XRPD 
distribution maps (refelction mode) of hydrocerussite and cerussite show a much higher 
concentration of hydrocerussite in the lit side of the face than in the shadow (image not 
shown). In contrast, cerussite is more uniformly distributed across the entire face (images 
not shown). The weight ratio of hydrocerussite to cerussite (HC:C) is estimated 65:35 +/- 6 
for the lit side of the face, while the shadow areas appear richer in cerussite showing a HC:C 
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weight ratio of about 37:63 +/- 20. MA-XRPD suggested that Vermeer used different qualities 
of lead white in the flesh paints, as inferred from the different proportions of hydrocerussite 
and cerussite.  
To further support these observations and to determine where these were situated 
within the stratigraphy, samples 39 and 40 were analysed using synchrotron µ-XRPD. 
Figures 7k and 7l show the distribution maps of hydrocerussite and cerussite in sample 40, 
from the light pink flesh. The surface paint layer (Fig. 5, layer 4) has an HC:C weight ratio of 
about 65:35 +/- 7, while a ratio of about 79:21 +/- 8 was calculated for the underlayers (Fig. 
5, layers 2 and 3). Sample 39 from the shadow paint confirms the use of a cerussite-rich 
lead white in the thin surface layer (Fig. 8, layer 4): it shows an HC:C weight ratio of about 
48:52 +/- 5 (Figs. 6p,q). The lead white in the ground of the same sample (layer 1) contains 
the highest amount of hydrocerussite, showing an HC:C weight ratio of about 83:17 +/- 8. 
This demonstrates that Vermeer indeed used various qualities of lead white in the build-up 
of his flesh paints. 
FTIR-ATR examination of the sample from the light-coloured flesh paint (sample 40) 
also showed a higher concentration of cerussite in the surface layer than in the underlayers, 
which is in accordance with the µ-XRD measurements. Cerussite is characterized by a c. 
836 cm-1 from out-of-plane bending vibration of carbonate (Fig. 5n) (Derrick et al. 1999, De 
Meyer et al. 2019).  
This examination of Girl with a Pearl Earring using MA- and µ-XRPD is the first time 
that different HC:C ratios have been identified in Vermeer’s lead white paints. SEM-EDX 
analysis of samples from The Art of Painting (1666-1668, Kunsthistorisches Museum, 
Vienna) detected extremely fine lead white particles in the upper paint layer of the white floor 
tiles, and coarser particles in the lower layers (Van der Weerd et al. 2005). This shows that 
Vermeer was selective in the particle size; however, the HC:C ratios were not analysed in 
samples from that painting.  
In the left (lit) part of the face of Girl with a Pearl Earring, the BSE images showed 
that Vermeer also used coarse lead white in the underlayers, and finer particles in the upper 
layer. These particles are not as fine as in The Art of Painting, but he probably chose the 
finer lead white to achieve a smooth surface finish. In the shadow part of her skin, he used 
an even finer lead white to apply a thin, light-coloured layer (scumble) over a dark 
underpaint. Presumably he selected this for its specific optical and handling properties.  
Previous studies have investigated the properties of different types of lead white, and 
their findings are somewhat contradictory (Howard , Elkhuizen et al. 2019, Vandivere et al. 
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2019). Both the HC:C ratio and the particle size seem to affect the optical properties. 
Polkownik observed that paintouts using a 100% cerussite paint were slightly less opaque 
than those using a 100% hydrocerussite paint; however she remarks that the opacity also 
depends on the particle size (Elkhuizen et al. 2019). In their paint reconstructions, Albrecht 
and Stols-Witlox noted that the finest lead white obtained by levigation (separating light from 
heavy particles by leaving them to settle in a liquid and decanting them at different intervals) 
was very effective for creating a thin scumble over a dark underlayer (Suchtelen et al.).  In 
Girl with a Pearl Earring, we can assume that Vermeer chose the finer lead white because 
of its superior handling properties when used thinly as a scumble, while producing enough 
hiding power. Both post-processing methods – levigation, and washing and grinding in 
vinegar – can result in finer particles and more cerussite.  
  3.3: Lead isotope analysis 
 
The isotopic composition of lead in the lead white pigment can potentially provide 
more information about where or how Vermeer obtained the various qualities of lead white 
that he used to paint the Girl’s face. Natural lead occurs as a combination of four stable 
isotopes: 204Pb, 206Pb, 207Pb, and 208Pb. The timeframe and geochemical conditions under 
which the ore is formed determine the lead isotope composition of a lead-containing mineral 
(Boon et al. 2010). This makes it possible to trace the source of the lead back to the mine 
where the ore was extracted, based on the lead isotope ratio. Although within Europe, some 
mines have overlapping isotopic compositions – such as is the case for some British, 
German and Polish mines – lead isotope analysis can easily distinguish between Flemish 
and Italian lead white (D'Imporzano et al. 2020). 
Specific layers within cross-sections from Girl with a Pearl Earring were sampled 
using a custom-designed microsample tool, which extracted microscopic samples 
containing lead white (5 to 20 µg). In total, eight different lead white-containing paints were 
analysed, originating from the ground, upper layers and underlayer(s) in the light and dark 
parts of the Girl’s skin. The lead isotope ratios of these samples are presented in Table 1 
and Figure 7a, which presents 206Pb/204Pb plotted against 207Pb/204Pb. Although there are 
minor variations in lead isotope ratios between the different samples and layers, these do 
not correlate with the function of the layer or the specific colour area. The lead isotope ratios 
for the light (sample 40) and shadow (sample 39) parts of the skin fall within analytical error 
for all isotope ratios. The samples from the ground show slightly more variation in lead 
isotope ratios than the ones from the paint layers. Evidence from computerised weave 
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analysis suggests that Vermeer might have purchased a pre-primed canvas, so perhaps did 
not apply the ground himself (Gonzalez et al. 2017). There are several plausible 
explanations for the heterogeneity of the lead isotopes of the ground. First, the lead white is 
present in a mixture with other pigments. Moreover, the lead ore itself is not fully 
homogeneous due to the fact that the geological processes that form lead ore deposits 
operate on a scale of > 10 km and result in ore fluids interacting with different types of rocks 
beneath where the ore is ultimately formed. Additionally, lead white production could 
potentially include a minor component of recycled lead. It is also possible that minor amounts 
of Pb containing dust and other contaminants (< 0.01%) were introduced during production, 
or paint making and paint processing. All these processes potentially lead to detectable 





Figure 7: Lead isotope abundance ratio values for samples of the Girl with a Pearl Earring (Table 1).  a  The cross represents the long-
term reproducibility . b  Compared to lead ores from Europe, Oxford Archaeological Lead Isotope Database from the Isotrace 
Laboratory (OXALID). 
 
Lead isotope ratios can be used to determine the geological source of the lead used 
to produce lead white. The isotopic results of galena ores (PbS) from some European mines 
in Italy, Greece, Spain and the United Kingdom are plotted in Figure 7b. European ores 
sometimes overlap with each other; however, there are defined areas of the graph that show 
trends in ratios of lead isotopes. When the samples from Girl with a Pearl Earring are plotted 
on this graph, they are clearly within the United Kingdom (UK) region. In comparison to 
regional variations in lead isotope ratios recorded by lead ores Europe-wide, the observed 
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isotopic heterogeneity of samples from the Girl is insignificant. Based on the production 
history of lead in the UK (Harley 1982) and the newly determined lead isotope data, the most 
likely source of the lead used in the Girl with a Pearl Earring is the highly productive region 
of Peak District of Derbyshire.  
Given the differences in cerussite and hydrocerussite ratios and particle sizes 
identified using µ-XRPD, one might expect that Vermeer used several distinct types of lead 
white. The evidence from lead isotope analysis shows that the lead white probably came 
from a single source, since there is, geologically speaking, insignificant variation in their 
isotope ratios. This single type of lead white was further processed to create pigments with 
specific properties: different varieties of lead white that varied in particle size and handling 
properties. The question remains open, however, whether the lead white was reprocessed 
within Vermeer’s workshop, or whether these different varieties were available from the 
shop(s) where he purchased his pigments (Halm 1998). 
 3.4: Formation of new lead species 
 
Analysis of the cross-sections also identified the formation of new lead species, 
formed over time as a result of chemical reactions between the lead white pigment, the oil 
medium, and other components in the paint. The SEM backscatter images of sample 39 of 
the shadow paint (Figs. 6d,e) show light-grey amorphous zones in the underlayers (Fig. 6, 
layers 2 and 3), that are different from the distinct, strongly scattering particles of lead white, 
and indicate the formation of reaction products. They contain lead, potassium and sulphur 
(Figs. 6g,m,n). FIB-STEM allowed parts of the sample to be analysed at greater spatial 
resolution (Fig. 8). The STEM image of a lamella from the underlayers also shows many 
small, dispersed particles distributed within the layers, in addition to the larger deposits at 
the top and bottom. Their elemental compositions could be determined more precisely 
without influence from the surrounding bulk of the sample. The STEM-EDX maps also show 
the presence of lead, potassium and sulphur in the small, dispersed light-grey particles. The 
atomic ratios (S 38.55 At%, K 34.05 At%, Pb 18.65 At%) match the expected values of 
palmierite (K2Pb(SO4)2). Palmierite is a degradation product often found in Old Master 
paintings (Loon et al., Price et al. 2019). Here it is likely to be associated with the red lake 
that is present predominantly in the red-brown underlayers of the shadow areas of the skin. 
The lake substrate is a source of potassium and sulphur. Lead comes from the lead white-
containing ground or surface layer. The images show larger deposits of palmierite at the 
interfaces between ground and underlayers, and between underlayers and surface layers. 
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FTIR-ATR is an effective technique for the characterisation and localisation of lead 
soaps. The asymmetric stretch vibration of the lead carboxylate group as (COO-) generates 
an intense absorption band in the 1550-1500 cm-1 wavenumber region (Derrick et al. 1999). 
Figure 7o shows the distribution of the 1516 cm-1 band, characteristic of lead carboxylates, 
in the cross-section of the light pink flesh (sample 40). Lead soaps are present in both the 
lead white-containing under- and surface layers. The dark brown rectangle in the middle of 
the cross-section, visible in the light microscope photograph is the result of beam damage 
from µ-XRPD analysis (Fig. 7m); it was not possible to remove the damage by polishing 
away the surface of the cross-section. As FTIR-ATR analysis was done after µ-XRPD 
analysis, the signal was affected. The damaged area shows a very low carboxylate signal, 
meaning that the lead soaps and organics have vaporised. This is important to keep in mind 
when determining the sequence of analytical techniques applied to a cross-section. The 
sample of the shadow area (sample 39) was also analysed using FTIR-ATR (data not 
shown), but the lead carboxylate signals were too low to be detected, probably because the 
layer is very thin. The greyish amorphous rims around some of the lead white particles, 
visible in the BSE images, however, do suggest that these have partly converted into soaps 
(Wadum et al. 1995). 
Lead soaps form as a consequence of reactions of lead white pigment with reactive 
carboxylic acid groups from the oil binder. Loss of pigment as a result of lead soap formation 
can cause increased transparency and consequent darkening of the paint, since the light 
penetrates deeper into the paint (Noble et al. 2005, Noble et al. 2008, Keune et al. 2011). In 
Girl with a Pearl Earring, this effect is most obvious in the shadow parts, because the red-
brown underlayers become more visible. In the light pink flesh tones, the thicker layers – 
and the fact that the underlayers are lighter in colour than the upper layer – makes this effect 
less noticeable. Over time, this must have made the contrast between the lit and shadow 
parts of the face starker, in addition to surface abrasion.  
Although we can still appreciate the smooth paint handling and seamless transitions 
in the face as it appears to us today (Figs. 1a,2a), chemical reactions and physical changes 












The combination of non-invasive macroscale imaging with microscopic examination 
of the paint surface, and (re-)analysis of cross-sections, proved to be essential for 
understanding how Vermeer achieved the soft modelling of skin tones. MA-XRF identified 
the elements, from which the main pigments used in the skin tones were inferred, and 
provided some clues about the painting process and how Vermeer built up the light, mid and 
shadow tones. This was supported by microscopic examination of the paint surface and 
cross-sections, which revealed the complete stratigraphy – from ground to surface paint – 
in selected spots. Analysis of paint cross-sections – a dislodged fragment from the 1990s, 
and two new samples collected from a light pink and a shadow tone – further characterised 
the materials Vermeer used in the different layers. This approach corroborated technical 
findings made in the 1990s, and made some novel discoveries. 
         The combination of MA-XRF, RIS and high-resolution 3D digital microscopy 
helped understand how Vermeer created the soft contour around the Girl’s face by leaving 
underlayers partly exposed. The upper layers of the background and face do not touch each 
other.  
         Vermeer built up the light areas of the face with a creamy white underlayer 
and a pink paint on top. Conversely, the mid and shadow tones were underpainted with a 
darker colour: grey or brown for the mid-tones and a darker, reddish brown for the shadow 
tones. He finished the darker tones with thin applications of a lighter colour (scumble), 
allowing the underpaint to remain somewhat visible and creating a cooler final appearance 
(blue-hued scattering). The underlayers show a stronger light-dark contrast than is visible in 
the final image. Also, the paint in the light areas was applied much more thickly than in the 
shadow. The cross-sections showed a thickness of almost 100 µm for the build-up of the 
light paint, as compared to 20-25 µm for the shadow paint: almost four times thicker. 
          





Figure 8: FIB-STEM analysis of sample 39 from the shadow part of the skin (see Fig. 8). a  SEM backscatter image showing FIB 
lamella locations. b  STEM image of FIB lamella L03 from underlayers. c  STEM-EDX overlay of (b): Pb (blue), K (green), S (red), Ca 
(pink), Al (cyan). STEM-EDX maps of: d  Pb-M, e  S, f  K. 
 
The upper paint layers of the face were applied once the underlayers were dry. They 
were smoothly blended, presumably with a dry brush, to create an almost seamless 
transition from light to dark. This effect of seamless transitions Vermeer also used for the 
Girl’s facial features. The eyelashes of the right eye only became only visible at high 
magnification, while the XRF map of iron revealed for the first time the eyelashes of the left 
eye. The latter also helped to establish how Vermeer built up the eye itself. He applied the 
final highlights on her eyes and mouth in the form of ‘double dots’ of impasto paint. 
         Synchrotron radiation µ-XRPD, SEM-EDX, and FTIR-ATR revealed that 
Vermeer used a lead white with finer particles and higher cerussite content in the surface 
paint layers. The finest quality was found in the thin, light-coloured layer (scumble) that was 
applied over the reddish-brown underpaint in the shadow tone. This shows that Vermeer 
was highly selective in the particle size of his lead white. Lead isotope analysis of eight 
different lead white-containing paints in Girl with a Pearl Earring showed very little variation 
in the isotope ratios (as expected). It identified the region of Peak District of Derbyshire in 
the UK as the most likely source of the lead used to produce the different qualities of lead 
white found in Girl with a Pearl Earring. SEM-EDX, FIB-STEM, and FTIR-ATR also identified 
lead reaction products in the flesh paints: lead soaps and palmierite (K2Pb(SO4)2), 
associated with the substrate of red lake pigment. 
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         In conclusion, Vermeer worked in a very structured manner to paint the smooth 
flesh tones of Girl with a Pearl Earring. It has been noted by previous researchers that, 
although Vermeer used a variety of techniques to render flesh tones and subtle light effects, 
he would never repeat himself; instead, he “continued to see things afresh” (Costaras 1998). 
 
5: Experimental methods 
 5.1: Non‑invasive chemical imaging 
 
5.1.1: Macroscopic X-ray fluorescence (MA-XRF) scanning 
 
MA-XRF maps of the entire painting were collected in two scan sessions (total times 
25 hours) using the Bruker M6 Jetstream (A.)[46]. After this, a 240 x 24 mm strip along the 
left side of the Girl’s face was selected to scan at smaller step size and with longer dwell 
times (total times 19 hours). The instrument consists of a measuring head equipped with a 
30 W rhodium-target microfocus X-ray tube, a polycapillary lens, and a 60 mm2 XFlash 
silicon drift detector (SDD) with a beryllium window (energy resolution < 145 eV at Mn-Kα). 
By slowly moving the measuring head on the XY-motorised stage, the painting was scanned 
pixel by pixel, line by line. By recording the emitted X-ray fluorescence radiation, the 
chemical elements present in the paint (associated with specific pigments) can be identified. 
With the Bruker M6 Jetstream, only elements heavier than silicon can be detected. The 
entire painting was scanned at 50 kV and a current of 600 µA, with a 400 µm step size, and 
a dwell time of 125 ms. For the detailed scan of the face, a 100 µm step size and a dwell 
time of  200 ms were used.  The distance between the scanning head and the paint surface 
was set at approximately 1 cm, corresponding to an X-ray spot size of c. 250 μm. All data 
were collected with the Bruker M6 Jetstream software package. The acquired data cubes 
were then exported as raw files and processed and stitched using PyMca and Datamuncher 
software to produce elemental distribution maps (Alfeld et al. 2013). 
 
5.1.2: Reflectance imaging spectroscopy: visible-to-near-infrared (VNIR: 400-1000nm) and 
shortwave infrared (SWIR: 967-1680 nm) 
 
Hyperspectral reflectance image cubes of the entire painting were collected with 
optimised whiskbroom line-scanning imaging spectrometers (Surface Optics Corporation, 
USA) that have been previously described (Alfeld et al. 2015)[48]. The VNIR imaging 
spectrometer (V10E Specim Corp., Finland) was coupled to a backside illuminated Si CCD 
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array (ProEM1024, Princeton Instruments, USA) operating from 400 to 1000 nm with 2.5 nm 
sampling, at a light level of 1200-1500 lux and integration time of 150 ms per line. The SWIR 
imaging spectrometer was coupled to an InGaAs array (SUI 640HSX-1.7RT, Sensors 
Unlimited, USA) operating from 967 to 1680 nm with 3.4 nm sampling, 700 lux, and an 
integration time of 33 ms per line. The image cubes were dark-corrected, flat-fielded, and 
calibrated to apparent reflectance using diffuse reflectance standards (Labsphere Inc, USA). 
The calibrated image cubes were spatially registered using a point-based algorithm 
(Delaney et al. 2016), and the resulting spatial sampling at the painting was 0.17 mm/pixel 
for both cameras.  




The painting was examined at up to 40x magnification using a Zeiss Universal S2 
stereomicroscope to characterise the painting sequence. 
 
5.2.2: High-resolution 3D digital microscopy 
 
The painting was examined using the Hirox RH-2000 3D digital microscope on a 
motorised ‘bridge’ stand with a 500x500 mm automatic motorised XY stage (200 nm steps). 
The ‘bridge’ stand was made specifically for the Girl in the Spotlight project to accommodate 
the painting, which was placed horizontally. The microscope zoom lens MXB-5000REZ was 
mounted on the Hirox FB-E Z-axis block with 30 mm motorised movement (50 nm steps). It 
can achieve spatial sampling from 4.4 μm/pixel (35x) down to 0.03 μm/pixel (5000x), and 
for this painting, the range 4.4 μm/pixel (35x) to 0.22 μm/pixel (140x) was used. The 
illumination used for most images was mixed: raking light (100% light intensity) and ring light 
/ dark field (10% light intensity). At 35x magnification (4.4 μm/pixel), the tile size is 8.5 x 5.28 
mm. At 140x (1.1 μm/pixel), the tile size is 2.1x1.31 mm. 
The complete painting was automatically scanned at a sampling resolution of 4.4 
μm/pixel with a 30% overlap: the microscope acquired a series of images in the Z-axis, 
capturing each focus layer and then combining them in one single all-in-focus image (also 
known as Z-stacked or extended depth of field). The microscope then moved in the X and/or 
Y direction to the next tile, and the process automatically started again, so that a total of 
9100 Z-stacked images were acquired in approximately 14 hours. For each tile, a Z-stacked 
image as well as a TDR file (Hirox 3D file format) were created, which included true colours 
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and altitude, so that the XYZ coordinates are registered for each pixel. All of the scans at 
resolutions of 1.1 μm/pixel and at 0.22 μm/pixel (both with a small depth of field) provided 
very detailed Z information that could be used for 3D measurements. Additionally, 9 selected 
areas were acquired at 140x (resolution of 1.1 μm/pixel), creating high resolution 3D 
stitching. 
The Hirox RH-2000 main unit software (which was modified specifically for this 
project) was used to calibrate and display a live image, then to create full auto Z-stacked 3D 
data and to program a fully automatic XYZ acquisition with selectable overlap (offline tiling 
without any pixel size limit in the full scan). 
The final results of those scans were twofold: 1) an all-in-focus stitched image of the 
full painting at approximately 10 billion pixel resolution using the 4.4 μm/pixel resolution 
images, and 2) 9 key areas captured as all-in-focus super high resolution stitched areas at 
1.1 μm/pixel. In the 1.1 μm/pixel details, one can zoom to specific areas with very high level 
of detail, and individual pigment particles can be visualised and measured.   
 5.3: Micro‑sample analysis 
 
5.3.1: Paint micro-samples and sample preparation 
 
During the restoration treatment of Girl with a Pearl Earring in 1994, microscopic 
fragments that had become dislodged and stuck to the surface were collected from the from 
painting and mounted as cross-sections (Polkownik 2018, Vandivere et al. 2019). They were 
embedded in Poly-pol PS230: a two-component polyester mounting resin (Poly-Service 
Amsterdam, The Netherlands). The cross-sections are currently housed at the Cultural 
Heritage Agency of the Netherlands (RCE). This is the successor of the Netherlands Institute 
for Cultural Heritage (ICN) that coordinated the analysis in the 1990s. Sample 4 appeared 
to be from the skin of the Girl, but the precise original location was unknown. The sample 
was incomplete: it included only one layer of paint. As part of the 2018 Girl in the Spotlight 
project, it was re-examined using: light microscopy and SEM-EDX. 
In 2018, new microscopic paint samples were collected from a light, pink flesh tone 
(forehead, sample 40) and a shadow tone (cheek, sample 39) from the Girl’s face in order 
to analyse and compare their stratigraphies and materials. The paint samples were 
embedded in Technovit 2000 LC mounting resin – a one-component methacrylate that cures 
under visible blue light (Heraeus Kulzer GmbH, Germany) – and polished using a sample 
holder and Micromesh sheets up to grade 12000 (Micro-Surface Finishing Products Inc., 
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Wilton, Iowa, USA) (D.M.Conover et al. 2015). The samples were examined using: light 
microscopy, SEM-EDX, FIB-STEM, µ-XRPD, FTIR-ATR, and lead isotope analysis. 
 
5.3.2: Light microscopy (LM)  
 
The cross-section of sample 4 was photographed in 2008 using a Leica DM2500 light 
microscope equipped with a Leica DFC490 digital camera. In 2018, a Zeiss Axio 
Imager.A2m microscope equipped with a Zeiss AxioCam MRc5 digital camera was used to 
(re-)examine the polished cross-sections 4, 39 and 40, and to capture images at spatial 
resolutions of 0.27 µm/pixel (200x) and 0.11 µm/pixel (500x) in bright field, dark field and 
ultraviolet (UV-A). Luminescence images were obtained with a LED 365 nm light source, 
and a filter cube composed of a 365 nm excitation filter (EX G 365), a beamsplitter at 395 
nm (BS FT 395), and an emission long-pass filter at 420 nm (EM LP 420)).  
 
5.3.3: Scanning electron microscopy – energy dispersive X-ray analysis (SEM-EDX)  
 
SEM backscattered-electron images of the uncoated cross-section samples 4, 39 
and 40 were acquired with an FEI NovaNano SEM 450 variable pressure electron 
microscope operated at low vacuum (70 Pa), and an accelerating voltage of 20 kV. The 
SEM was equipped with a ThermoFisher NSS EDX system to yield elemental composition 
of the pigments within the layers. 
EDX mapping was done using a JEOL 7000F high-vacuum SEM coupled to a 
ThermoFisher NSS EDX system with dual 30 mm2 silicon drift detectors. The samples were 
carbon-coated (Leica ACE600 nominally 15 nm thick) prior to EDX mapping to improve 
surface conductivity. All the samples were mapped using spectral imaging at either 500x or 
1000x magnification. Each map consists of 256x202 pixels and the collection time was 
typically 30 min. The step size of the images was 1.04 µm/pixel and 0.52 µm/pixel for the 
500x and 1000x images, respectively. 
 
5.3.4: Focused ion beam – scanning transmission electron microscopy (FIB-STEM)  
 
The combination of STEM and EDX was used to ‘map’ the element distribution in thin 
sections prepared from cross-sections 39 and 40 using the FIB. The thin sections were 
prepared using the standard ex-situ lift-out method (Van Loon et al. 2005). This involves 
cutting out a cross-section specimen from its substrate and transferring this onto a thin 
support membrane using a micromanipulator. In the case of paint cross-sections this means 
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that the section can be milled directly from the bulk sample. All thin sections were prepared 
using a FEI Helios dual beam system. The rough milling was done using a beam current of 
21 nA and for the final polishing it was 93 pA. The tilt off-set was 0.6°. The nominal thickness 
of the sections was 200 nm with a width of 20 µm and height of 8 µm. 
Spectral images were made at resolutions ranging from 26 nm/pixel (20000x) up to 
2.2 nm/pixel (240000x) with an accelerating voltage of 200 keV. Each map consists of 
512x512 pixels and the collection time was typically between 5 and 15 min. The spatial 
resolution of the images was 26 nm/pixel and 2.2 nm/pixel for the 20000x and 240000x 
images, respectively. The microscope used for this work was a JEOL2800 with two Centuro 
EDX silicon drift detectors. The measurements were made at the Shell Technology Centre 
Amsterdam (STCA). 
 
5.3.5: Fourier transform infrared – attenuated total reflectance spectroscopy (FTIR-ATR) 
 
FTIR spectral data of cross-sections 39 and 40 were collected on a Perkin Elmer 
Spectrum 100 FTIR spectrometer combined with a Spectrum Spotlight 400 FTIR microscope 
equipped with a 16x1 pixel linear mercury cadmium telluride (MCT) array detector. A Perkin 
Elmer ATR imaging accessory consisting of a germanium crystal was used for ATR imaging. 
The mapping area is 300x400 µm in size, with a spatial resolution of 6.25 µm/pixel.  
 
5.3.6: Synchrotron: Micro X-ray powder diffraction (µ-XRPD) 
 
Cross-sections 39 and 40 were analysed using µ-XRPD. The samples were analysed 
at beamline P06 (PETRA-III, DESY, DE), a hard X-ray micro- and nano-probe beamline 
suited for X-ray powder diffraction imaging experiments at the (sub-)microscopic scale. A 
Kirkpatrick-Baez optical system focuses the beam to a diameter of 0.5 µm and a flux of 1010 
photons s-1 with a primary energy of 21 keV. The samples were placed in a sample holder, 
at a distance of 18 cm in front of the detector, capable of moving in the XYZ direction over 
a distance of several millimetres. An EIGER X 4M detector (Dectris Ltd., DE) was used to 
collect the diffraction signals.  
 
5.3.7: Lead isotope analysis 
 
Small quantities of material were extracted from embedded cross-sections using a 
micro-scalpel: a purpose-designed tool developed for the purpose of micro-invasive 
sampling of cross-sections. The micro-scalpel uses a blade that allows the operator to 
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sample specific layers of a cross-section with a minimum thickness of 10 µm. Layers 
containing particles of lead white were chosen for lead (Pb) isotope analysis to study the 
provenance of the Pb. Five cross-sections were sub-sampled (samples 4, 7, 16, 39, 40) and 
8 different samples were analysed (Table 1).  After sampling, the cross-sections were re-
polished to allow reuse for further analysis or to be retained as reference material. Between 
5 to 20 µg of pigment was obtained per sample. 
The lead component in the samples was isolated using a process of dissolution and 
extraction via liquid chromatography. 50 µL of the lead solution was taken and mixed in 10 
ml 5% HNO3 to perform ICP-MS analysis to assess the amount of Pb in the samples. An 
aliquot was taken from each sample and diluted in order to obtain 2 mL 1% HNO3 at 50 ppb 
Pb solution for analysis by MC-ICP-MS (Thermo Scientific Neptune). 
Instrumental mass bias was corrected using standard sample bracketing, using NBS 
981 as bracketing standard. The samples were introduced using a CETAC Aridus II™ 
Desolvating Nebulizer System, using approximately 4 L min-1 argon sweep gas and 20 mL 
min-1 nitrogen (160 °C). Mass 202Hg was recorded to correct for isobaric interferences of 
204Hg on 204Pb. 
The total procedure bank was measured by isotope dilution, using a 208Pb spike, 
yielding 50 pg Pb. The 50 ppb Pb solutions typically yielded a signal of around 20 V, using 
a 1011 Ω resistor. The in-house standard CPI Pb as well as NBS 981 were analysed in 
between sample analyses to assess the accuracy of the analyses. The Pb isotope ratios of 
both standards were within analytical uncertainties indistinguishable from long-term mean 
values. 







Table 1: Lead isotope data of lead white samples of the Girl with a Pearl Earring. 2SE is the two standard error of the individual 
analysis of the sample. Under ‘long-term VU’ is reported the mean of the in-house standard; 2SD is the two standard deviation 
obtained over a period of 3 years. 
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1: Main findings of the thesis 
 
The analysis of paintings is a complex task, as paintings are multi-component 
systems composed of different layers produced by mixing of multiple organic and inorganic 
materials that, over time, undergo chemical and physical change. In this context, the thesis 
examined the isotopic composition of lead white used in paintings aiming to implement the 
use of lead isotope analysis of lead white in studied paintings. This was achieved by 
investigating two main themes: i) development of improved analytical resolution to increase 
the quality of the data output; ii) improvement and contextualisation of lead isotope data of 
lead white. Chapter 2 presents a newly developed micro-invasive analytical method, with 
improved spatial precision. The method was able to minimise the sample material needed, 
and it allows sampling from existing cross-sections (reducing the need for new material and 
therefore preserving paintings). This was possible due to: development of the micro-scalpel 
for micro-invasive sampling and the use of the 1013 Ω amplifier resistor and the Double Spike 
technique for analysis of small samples. The analytical method, especially using the 1013 Ω 
amplifier, allowed the considerable reduction of the sample size (x10), allowing to routine 
analyse samples containing 5 ng of lead, with no loss of accuracy or precision. The new 
sampling technique allowed assessment of if Pb was derived from different sources within 
a single oil painting. Chapters 3 examines this aspect and found that variation in lead isotope 
ratios of lead white within a painting can vary up to four times the method’s analytical error. 
The variation of lead isotopes ratios was linked to the mixing of different materials used to 
produce the painting, and the research suggests that a multi-sampling strategy should be 
followed to obtain representative isotopic ratios of individual paintings. This particular aspect 
was found to be of fundamental importance when lead isotope analysis of paintings is 
requested for attribution/authentication study. Chapter 3 also reports a difference, potentially 
time-related, in the isotopic composition of paintings belonging to the 17th century Dutch 
period. Chapter 4, therefore, investigates the variation of lead isotope ratios of lead white in 
17th century Dutch paintings. The study identifies a time-dependent variation of lead isotope 
ratios of lead white of the paintings, and it generates a database of lead white in paintings 
that connect time of production and isotopic composition. In particular, it was found that the 
lead isotopes ratios of lead white have lower values in the first half of the century and 
increased in the period 1650-80, with a transition between 1642-1648. This change was 
associated with socio-political events taking place in Europe. The work in Chapter 4 
represents a significant achievement that will serve as a reference for future studies of Dutch 
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works of art and can be used for comparison to paintings from other parts of Europe to obtain 
a better understanding of the socio-economic events that impacted of lead trading.  
Chapter 5 shows how lead isotope analysis data can be integrated with results of 
other analytical techniques to obtain a holistic characterisation of artworks, as in the case of 
the study conducted on Vermeer’s Girl with a pearl earring in 2019.  
In conclusion, the use of lead isotope ratios for painting analysis has proven to be an 
important method to study in-depth the information hidden in the lead white. The 
characterisation of the isotopic composition of lead white used in 17th century Dutch 
paintings conducted in this thesis is a considerable step forward in the implementation of 
lead isotope analysis and how results need to be interpreted in the field of cultural heritage. 
The information can now be used for a broad array of applications, not only limited to the 
identification of the provenance of the pigments. For instance, the lead isotope ratios of 
Dutch 17th century lead white, confirm and better quantify the existence of an isotopic 
signature for the paintings created in this period and region. These data can confirm the use 
of Dutch pigments and to some extent to confirm/deny the Dutch provenance of paintings, 
information that, together with art historical knowledge about the artist, is extremely useful 
in the study of disputed paintings. The collected data must be considered only as a first step 
to form a broader database containing information on lead white used in different paintings 
made in different regions and periods. The approaches followed in the study of lead white 
explained in Chapters 2, 3 and 4 can be considered as guidelines to follow to build a lead 
isotope ratio of a lead white database for other artistic groups active in different regions and 
times. In this way, it will be possible to reveal the trade habits of past societies, as lead 
isotope ratios of lead white can be used to track the movements of the pigments. To 
implement the information created in this work, however, better characterisation of other 
artistic groups is necessary, a topic that will be discussed in more detail in the following 
paragraphs. More details will also be discussed on how to best implement the use of lead 
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2: Future methodological developments 
 2.1: Alternative sampling methods 
 
The data reported in the thesis, however, created new questions that will be the 
subject of future research. The first point to consider is the prospect of further improvement 
of the sampling method presented in Chapter 2. Further work focusing on the improvement 
in sensitivity of the MC-ICPMS seems unnecessary, as lead white is highly rich in Pb and 
reducing the amount of sample material, below 5 ng in lead content, would potentially result 
in increasing problems due to blank contamination and require a sample size that is difficult 
if not impossible to handle (< 1 μg). Although blank contamination in the clean laboratory is 
unlikely to be a significant issue, the effect of anthropogenic contamination on the surface 
of a painting means that small (< microgram) samples from the surface of a painting may be 
undesirable. The micro-scalpel sampling method proved to be fast, easy to use, and precise 
although the amount of sample material obtained, in many cases, was significantly larger 
than needed for Pb isotope analysis. Hence future work should focus on obtaining smaller 
samples and the development of portable laser ablation sampling techniques represents a 
precise and flexible option. The technique has been successfully applied at the VU 
Amsterdam for archaeological and mineral samples (Knaf et al. 2017). The use of lasers 
could increase the spatial resolution of sampling, ideally with < 25 µm diameter ablation pits, 
providing superior resolution to the micro-scalpel. This would allow greater sampling 
precision and, for example, the selection of, single-pigment particles present in paint layers. 
This approach would result in a further reduction of the “invasiveness” of the sampling 
method. The use of a laser would, however, require more precise validation that there is no 
mass-dependent fractionation during sampling. The major issue will be maintaining a low 
sample to blank ratio due to reduced sample size and potential anthropogenic surface 
contamination. Sampling of paint cross-sections, therefore, seems ideal but in situ 
samplings of paintings could be a challenge. 
 





Figure 1: Assembled portable laser ablation sampling device composed of a DPSS laser (l 532 nm), an optical fibre, a laser ablation 
module and a sample holder. Magnified inset image shows the sample wheel with six filters. The device was developed and optimised 
by the ETH Zurich and Vrije Universiteit Amsterdam (Knaf et al. 2017) 
 2.2: Development and improvement of a Lead isotope Database  
 
A problem highlighted during this project was related to data interpretation due to the 
lack of a validated database containing information on lead isotope ratios of lead deposits 
and lead white in paintings. The absence of such a database generated problems with 
correct data interpretation, and has the following implications: 1 - using lead isotope data for 
provenance of the pigment; 2 - level of isotopic heterogeneity within a painting due to mixing 
of different material; 3 - variation of lead isotope ratios of lead white within and outside artistic 
groups active in different periods/regions.  
 
2.2.1: lead isotope data for provenance of the pigment 
 
Point one is linked to several limitations present in the reference data related to: i) limited 
isotopic data from specific regions; ii) data that appear affected by instrumental mass-
dependant bias. In this context, much of the data for historically exploited lead deposits are 
mainly from pre-1980 TIMS analysis; iii) the lack of archival research on the historical 
exploitation and trade of lead and lead white. The isotopic data from historical lead deposits 
are based on relatively small numbers of samples for each deposit. Moreover, it is 
impossible to fully characterise each deposit due to the size of a deposit and the fact that 
many of the deposits have been fully exploited over the centuries. This translates into a loss 
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of information for provenance studies that can lead to misinterpretations. Similarly, historical 
documents containing trading records of lead and lead white are scarce. This is a problem 
when the isotopic signature of two lead source regions are very heterogeneous and overlap 
and were contemporaneous producers (e.g., England and Germany in the 16-17th century). 
Expanding the knowledge, where possible, of the lead isotopic compositions of historically 
exploited deposits and historical trade documents, should be a major point to address in 
future research. Luckily the problem of defining lead provenance for lead white in paintings 
can be bypassed through direct comparison, but only if an extensive database is available, 
such as the one created for the 17th century Dutch paintings, as discussed below in 2.2.3.  
An issue that still remains unresolved, and is related to the building of a lead isotope 
ratios database, is to characterise the level of trading of lead white between different regions, 
and how many different lead whites were available for an artist to buy. For instance,  was 
Dutch lead white available and used in Italy in the 17th century? This is extremely important 
information needed to correctly interpret cases where “exotic” lead isotope ratios of lead 
white are found. Therefore the study of documentation on lead white historical trade is 
necessary to properly address this question and fully understand the origin of lead white and 
by extension of individual paintings. The trade of lead white in the 15th to 17th century will be 
a major issue to address in the future to increase the utility of lead isotope ratios information. 
 
2.2.2: level of isotopic heterogeneity within a painting due to mixing material 
 
The question of the level of isotopic heterogeneity stems from the research conducted 
in Chapter 3 on 17th century Dutch paintings. The study found that the level of isotopic 
heterogeneity within a painting can be attributed to the mixing of different lead compounds 
in the painting matrix. The variation found within a painting was never big enough to produce 
data that were not recognisable as Dutch paintings produced in the 17th century. While the 
heterogeneity of lead isotope ratios of lead white within a painting can be easily assessed 
using a multi-sampling strategy, the understanding of the exact reasons for this 
heterogeneity still requires further study. To fully understand the origin of the isotopic 
heterogeneity it would be necessary to know all the aspects involved in producing the 
painting and all the lead compounds used at each stage. It is necessary to understand if 
lead compounds used as siccative, part of the primer and pigment were made using the 
same lead and if they share exactly the same isotopic composition. The question of the 
origin of the observed isotopic heterogeneity should be addressed in detail in the future and 
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integrated with documentation pertinent to the trade of lead and the purchase of lead-
containing material by artist studios.  
 
2.2.3: variation of lead isotope ratios of lead white within and outside artistic groups active 
in different periods/regions. 
 
Lead isotope variation in lead white from different regions is relevant to the findings 
of Chapter 4. Chapter 4 was able to characterise the isotopic composition of 17th century 
Dutch paintings, finding time-dependant isotopic variation related to historical events. It was 
also stated that it is possible to relate the isotopic composition of lead white with the time of 
production of a 17th century Dutch painting and this information can be useful when lead 
isotope ratios are used for helping in painting authentication. The study sets the basis for 
the creation of a comprehensive database containing lead white from the Netherland for the 
entire 17th century. This, however, is only a starting point, as this database, combined with 
data present in literature, is only able to give information on 17th century Dutch paintings, 
and, to some extent, 16-7th century Italian paintings. The ultimate aim of lead isotope 
analysis of lead white should be to create a database containing data from different periods 
and regions, that could potentially identify paintings based on lead isotope ratios of lead 
white. Such database could be a great help in the field of cultural heritage, especially for 
authentication. Moreover, this database should be combined, as said before, with as many 
historical documents as possible, to also provide information on the trading of lead white 
and hence understand the socio-economic controls responsible for changes in Pb isotope 
compositions. This point is crucial to better characterise the isotopic composition of paintings 
coming, for instance, from medieval, late-medieval, Renaissance, Baroque and later 
paintings, and to understand which lead isotope composition is expected from certain artistic 
movements in certain regions. It will be also important to add extra-European painting to this 
database to have better coverage of lead isotope ratios of lead white used worldwide. This 
is only possible if a great number of well-characterised paintings (many hundreds) are 
analysed.  
A final consideration concerns the characterisation of other lead-bearing pigments, 
such as lead tin yellow, litharge, red lead, Naples yellow or the lead contained in glass 
particles dispersed in the paint in some paintings. The study of these pigments will give 
further information on the use of the lead used in pigment manufacture, and it will reveal if 
the lead used for producing different pigments is the same, and provides the same 
information. Any potential difference in the source of lead used to manufacture these other 
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pigments would be a way to further characterise paintings and find differences based on the 
lead isotope ratios. 
 
 3: Multi-isotope approach 
 
The initial aim of this thesis was to use multiple isotopic systems and trace element 
compositions to improve provenance information in early modern art and artefacts. This 
proved far too ambitious as developing trace element and isotopic methods for new material 
was found to require up to six months of work per isotope system. The optimisation of Pb 
isotope analysis for painting analysis required a year’s work and obtaining sufficient well-
characterised samples took even longer. Although the thesis ultimately focussed on the 
application of Pb isotopes to lead white, other isotopic systems and materials were 
evaluated. Integration of lead isotope ratios with other isotopic systems is certainly an area 
for future work. In recent years some studies combined 14C dating of lead white in order to 
date the pigment and undertake Pb isotope provenance (Beck et al. 2018, Hendriks et al. 
2020). These studies were able to successfully date the carbonate, however, the sample 
size required is large and the technique cannot easily be applied to paintings as 1-50 mg of 
paint is required for 14C analysis. Improvement of this analysis, however, would be extremely 
useful especially if coupled with the temporal changes observed in Pb isotope data obtained 
in chapter 4.  
The strontium isotope system potentially can be used to study paintings. Strontium is 
a common component of calcium-bearing carbonates, phosphates and sulphates and hence 
is found in different materials used in paintings such as chalk and bone black. A study was 
conducted to analyse strontium isotopes in paintings extenders (natural and/or synthetic 
calcium carbonate and barium sulphate present in painting samples) (Stevenson et al. 
2016). The study concludes that the strontium isotope ratios of the samples reflect the 
isotopic composition of the source of the calcium carbonate added as filler to the pigments. 
The study, however, reported that of 17 samples only 11 contained enough strontium for 
isotopic analysis. The lower content of Sr in the samples studied by Stevenson et al. 2016 
suggests that larger painting samples would be necessary. It is therefore unclear if Sr 
isotope analysis of pure lead white that contains no extender potentially provides 
provenance information. Recent developments led by the VU (Koornneef et al. 2014, 
Koornneef et al. 2019) have demonstrated that the use of 1013 Ohm resistors using modern 
TIMS can analyse sub ng quantities of strontium (< 1 ng) and hence analysis of small 
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quantities (10’s-100’s μg) of lead white. At these low sample sizes, however, the analytical 
blank contribution becomes an issue and work is needed to reduce Sr blanks. A potential 
problem of Sr isotope analysis is that there are numerous Sr-bearing compounds in a 
painting, with unknown provenance. Work is needed to understand potential mixing between 
these different components to avoid incorrect data interpretation. 
The strontium isotope analysis of bone black (or bone char) pigment appears to be a 
more viable method to study Sr isotope ratios that could provide provenance/authentication 
information. Bone black is a pigment created by the burning of animal bones (hydroxyapatite 
is the main constituent) to produce a black pigment. The strontium contained in this pigment 
would be characteristic of the animal bone used. Until recent “industrialisation” of farming 
practices and the widespread importation of animal feed, the Sr in animal bones would be 
indicative of the local bioavailable Sr. Bone black was used in two forms: normal bone black 
(where supposedly local animals were used) and ivory black, that was produced from ivory. 
The Sr isotope analysis of the two black pigments would provide different results for the 
provenance of the pigment and therefore also information of trading practices (especially 
ivory black; e.g., Rijkelijkhuizen et al. 2015). The analysis of bone black, however, will again 
suffer from the problem of sample size. The main constituent of the pigment is, 
hydroxyapatite, which usually contains ~ 50-200 ppm Sr. Theoretically if bone black contains 
100 ppm Sr, using TIMS, it would be possible to analyse a 10 µg sample of the pigment (1 
ng Sr). However, the practical problem in performing this type of study would be obtaining 
pure material to identify the exact origin of strontium. To reduce the contribution of Sr coming 
from sources other than the pigment, an extremely precise sampling method would be 
required and implemented. Developing a viable strontium isotope methodology therefore 
would require research to: 1- implement a sampling and analytical method able to clearly 
sample Sr coming from an individual paint sample and layer; 2- Identify the variation of 
isotopic signature of the pigment both on a temporal and regional level; 3- link the strontium 
isotope variations to trade and pigment use; 4- build a database containing all these 
information related to pigment use in paintings. In this way strontium isotope ratios could 
contribute to the study of painting as bone black is a widely used pigment and could be 
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4: Element mobility in paintings? 
 
Understanding change in all forms of artwork is a major area of research within 
cultural heritage but also an area of major debate; should conservators attempt to return an 
artwork to its original form, mitigate against further change or manage change? (DeSilvey 
C. 2020, Harrison R 2020, Muños Viñas, S. 2020). In the context of oil paintings, change in 
pigment colour due to the impact of light is a widely known phenomenon, as is cracking and 
in extreme cases flaking of paint (Monico et al. 2019, Hendriks et al. 2019, Van den Berg et 
al. 2019). The formation of lead soaps in oil paintings has a major impact on some paintings 
and indicates active chemical reactions (Casadio 2019). The process of soap formation 
involves complex chemical reactions between lead ions and the fatty acids present in the 
oils and causes the formation of lead carboxylate (lead soaps). Lead soaps can be found in 
the painting matrix and in some cases are seen as protrusion in the paint surface. The lead 
soap is formed by agglomeration of lead that migrates from adjacent areas of the paint matrix 
and can vary in sizes, some of the largest lead soap accumulations can be around 200 µm 
in diameter (Fig 2, e.g., Hermans, 2017) and indicate that Pb is migrating throughout 
paintings of all ages (van den Berg et al. 2019, Hendriks et al. 2019). 
Theoretically, the lead isotope ratios could be used to quantify the extent to which 
lead migrates and identify from which layer(s) the lead derives. This would give a better 
understanding of how the lead present in different materials and layers contributes to lead 
soap formation. Quantifying the level of lead migration in a painting, moreover, could also 
generate new information that can be used to better understand the heterogeneity of lead 
isotope ratios within a painting discussed in Chapter 3. 
Studying the migration of lead in the formation of lead soap can be done by creating 
an appropriate painting mock-up, built based on historical recipes and containing lead white 
made with different lead sources with characteristic lead isotope ratios (e.g the use of Pb 
that had been isotopically enriched, would provide the approach with great sensitivity). The 
mock-up would need to be artificially aged to obtain lead soaps that could then be precisely 
sampled (e.g. with the help of portable laser ablation) and analysed. The isotopic 
composition of the lead soap will be the result of mixing between some of the different lead 
sources present in the painting and therefore provide information on Pb provenance (which 
layer) and the rate of Pb diffusion within different layers. 
 





Figure 2: Paint cross section showing lead soap formation from the Sherborne Tritych (15th century, Dorset, U.K. unknown painter). 
a) Optical microscopy; b) Backscatter electron macroscopy image; c) Infrared microscopy image in reflection mode; d) Secondary ion 
mass spectrometry. In all the images it is possible to see the presence of two lead soaps, scales bars are 50 µm. Keune (2005)   
 
5: Metal artefacts 
 
The focus of this thesis was the study of the lead present in the lead white, however, lead is 
present in many metal objects, and lead isotope ratios have been extensively used to 
characterise and provenance artefacts, produced in many regions in the world in different 
ages, particularly in an archaeological context (Pollard 2008, Stos-Gale et al. 2009). Future 
studies should focus on obtaining comprehensive information about metal usage and how 
this has changed with time influenced by technological development and socio-political 
events that resulted in changing production and trade. In this context analysing lead isotope 
ratios in different metals (lead, copper, bronze etc..) and from different forms of artworks 
(e.g., metal artefacts, ceramics, glass and paintings) will provide a more holistic 
understanding of metal usage. In this way, it would be possible to expand information on the 
production and trading of metals, and therefore create lead isotope ratios databases that 
are not simply focussed on mine or pigment production but can be used to study any artefact 
containing lead. However, the study of the metal objects, and how their lead isotope ratios 
can be used to interpret a detailed biography of artworks can be complex. The process of 
metal production often involves smelting and purification that requires the use of multiple 
elements, and in many cases, the original isotopic signature of the raw ore material will be 
altered. An example, discussed in this thesis, is the refinement of silver in the 15-16th century 
that required the use and mixing of huge amounts of lead. Therefore in order to obtain useful 
information from any metal object, that, for instance, can be compared with lead isotope 
ratios of lead white, the full understanding of the biographies of many precisely dated metal 
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artefacts is needed. Resolving the complexity involved in artefact production will require the 
use of multiple isotope systems to understand both the nature of the raw materials used, 
such as Pb, Sr and trace elements, but also isotopic systems and trace elements that are 
indicative of the manufacturing process (Stephens, J. A. 2021). In the case of the main period 
studied in this thesis, metal objects from the Netherlands in the 17th century should be 
sampled, analysed and compared to the lead isotope ratios of the lead white. This would 
help establish if the isotope ratios coming from these two different materials provide 
comparable or complementary data and ultimately help give a more comprehensive 
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1: Pb isotope analysis: Multi-collector inductively-coupled plasma 




Figure 1: Schematic of a MC-ICPMS. The plasma is the ionisation source (more details in figure 2). The ions pass through an interface 
(figure 4 for details) and then are directed through the analyser, composed by an electrostatic analyser (ESA) and a magnetic sector, 
where the ions are separated according to mass/charge ratio (Figure 5). Once the ions exit the magnetic sector they are detected by 
a detector made by an array of Faraday cups, connected to amplifiers (Figure 6). The whole instrument is under vacuum, with pressure 
decreasing “gradually” from the plasma source (atmospheric pressure) to the analyser (ESA and magnetic sector kept between 10-8 
to 10-9 mbar via the use of turbo pumps) to the multi-collector (10-9 mbar using ions pumps). 
 
Multi-collector inductively-coupled plasma mass spectrometry (MC-ICPMS) is 
currently the most commonly used technique to perform fast high-precision isotopic analysis 
of lead and the favoured approach for lead white analysis. MC-ICPMS instruments use an 
Ar plasma source to ionise the samples and this allows high ionisation efficiency and rapid 
sample throughput. MC-ICPMS consists of 5 main parts: sample introduction system, 
inductively-coupled plasma generated with Ar, the mass spectrometer interface that allows 
ion transfer to mass analyser and the detector block. One of the main advantages of the 
MC-ICPMS is the possibility to analyse the samples as liquid solutions, thanks to the high 
ionisation efficiency of the Ar plasma that is able to vaporise, atomise and ionise most of the 
elements present in the periodic table (Albarède and Beard 2004). The sample introduction 
system (SIS) transports the liquid sample into the plasma as an aerosol. The size of the 
aerosol is fundamental to obtain high ionisation efficiency and maintain a steady plasma. If 




ion signal and therefore the instrumental precision and accuracy. In addition, large aerosol 
droplets cause instability in the plasma that under extreme circumstances lead to plasma 
failure. To control and achieve the optimal particle sizes the SIS is equipped with a nebuliser 
that turns the sample solution into an aerosol, and a spray chamber that traps the largest 
particles and pumps them away. The whole process is, however, relatively inefficient and 
only ~2% of the sample arrives to the plasma source (Platzner 1997). More details of the 
possible configurations of the SIS can be found in Montaser et al. 1991 (Montaser et al. 
1991). 
The plasma, sustained by an Ar gas stream, is located on the tip of a quartz-glass 
Fassel type torch, Figure 2. The torch, which connects the SIS to the plasma, is composed 
by three concentric tubes each having a different Ar gas flow and function. The outer tube 
has an Ar gas flow rate of 12-15 L/min and serves as a cooling agent to prevent the torch 
from melting. The middle tube shapes and stabilises the plasma and has an Ar gas flow rate 
of 0.5-1 L/min. The inner tube carries the sample and has an Ar gas flow rate of 0.4-1 L/min. 
The torch is surrounded by a load coil made of copper. The plasma is generated by applying 
a radio frequency (RF) with a power of 1-15 kW to the coil at a frequency of 27-40 MHz 




Figure 2: Schematic of a plasma torch in a MC-ICPMS, illustration created after Albarède 2004 (Albarède and Beard 2004) 
 
The RF coil generates an intense electromagnetic field along the torch, while 




coil). The electrons are accelerated in the magnetic field and collide with the Ar atoms 
causing ionisation. The generation of new electrons in the magnetic field generates a 
cascade effect that creates more collisions between electrons and other Ar atoms and 
ultimately a self-sustained plasma is formed. The plasma is effectively a cloud of atomised 
neutral and charged Ar atoms and electrons. All these particles are accelerated by the RF, 
however electrons, due to their small mass, are accelerated to higher velocity and dominate 
the energy transfer in the plasma.  
The ICP discharge is sustained by the continuous transfer of energy from the RF 
generator through the load coil. Regulating the RF allows the ionisation efficiency of the 
plasma to be changed (Albarède and Beard 2004). The plasma also generates a magnetic 
field. In a stable plasma, the RF generator and plasma frequencies are synchronised (or 
‘matched’) and the plasma magnetic field has minimal effect on the RF, resulting in a stable 
and sustainable plasma. The plasma frequency changes when samples are introduced, 
therefore the RF generator and the plasma may become mismatched. Due to this 
phenomenon, an RF generator must be capable of coping with fluctuations in the plasma by 
either returning the plasma frequency to the RF generator frequency (performed in 
frequency-locked generators), or by adjusting the RF generator frequency so that it matches 
that of the plasma (performed in free-running generators) (Figure 3). Free-running RF 
generators are capable of coping with wider variations in the sample matrix and can 
therefore sustain the plasma under more varied operating conditions. The plasma core has 
a temperature of between 6000-8000 K. The high temperature reached in the plasma 
atomises and ionises all the elements that have lower ionisation potential than the Ar (15.76 








Figure 3: Illustration of the frequency locked RF generator vs free running RF generator, image taken from Thermofisher. 
 
The interface connects the torch to the analyser, Figure 4. Two nickel discs allow the 
passage of the sample from the torch to the instrument. The two discs are called sample 
and skimmer cones and have a small orifice in the centre that allows passage of the ionised 
sample (sample cone 1 mm, skimmer cone around 0.6 mm). The two cones are placed a 
few millimetres apart and the area between them is known as the expansion chamber 
(Albarède and Beard 2004). The cones are maintained at different voltages to accelerate 
the ions into the instrument. The role of this interface is to let the sample pass from a high 
temperature and atmospheric pressure environment, to the low vacuum environment 
present in the analyser (10-8 mbar). The task is achieved by gradually reducing the pressure 
in the different parts of the interface. The expansion chamber is connected to a jet pump 
that generates a vacuum between the two cones. This change of pressure generates a 
barrel-shaped supersonic expansion shock zone surrounding a zone of silence (Albarède 
and Beard 2004; Douglas and Tanner 1998). The skimmer cone hole is located in the zone 
of silence to obtain maximum ion extraction. Once the ions pass through the skimmer cone 
they enter the analyser, where the ions are shaped into a beam, further accelerated and 
focused with the help of ion lenses (extraction lens) and transported to the first part of the 











Figure 5: Schematic of a double-focusing analyser. The figure illustrates an ion beam, exiting from the plasma, passing through the 
electrostatic analyser and the magnetic sector where it is separated according to mass. 
 
The mass analyser in a MC-ICPMS usually uses a double focusing configuration to 
achieve high mass resolution, Figure 5. The first stage is an electrical field that normalises 
the kinetic energy of the ions coming from the plasma and the interface. The second stage 
uses a magnetic sector that separates ions according to mass/charge ratio. The need to 
normalise the kinetic energy of the ions that enter the mass analyser is due to the high range 




which would not allow good separation of ions in the magnetic field, as smaller masses with 
higher kinetic energy would interfere with heavier ions. The electrostatic analyser serves as 
a gate that only allows the passage of the ions that have the same kinetic energy (Figure 5, 
ESA), Ec, according to the equations:  
 𝐸 = 𝑚𝑣 = 𝑧 · 𝑒 · 𝑉                                                            [1] 
 
Where Vacc is the potential of the ion passing the electrostatic analyser, m is the mass 
of the ion, v is the speed, z · e is the ion charge. The potential of the electrostatic field, E0, 
is calculated as: 
 𝐸 =                                                                            [2] 
 
V0 is the potential of the electrostatic analyser. An ion passing through the 
electrostatic analyser is subjected to the following forces:  
 
                                                          𝐹 =                                                                [3] 
 
 𝐹 = 𝑧 · 𝑒 · 𝐸0 = 𝑧 · 𝑒                                                               [4] 
 
 𝐹 = 𝐹    therefore   = 𝑧𝑒                                                       [5] 
 𝑟 = · ·                                                                          [6] 
 
Where Fc is the centrifugal force, Fe is the electrostatic field force and re is the radius 
of the path through the electrostatic analyser. From equation 5 it is clear that only the ions 
having the right Vacc will be able to pass the electrostatic analyser once the re and the Vo are 
set. 
The ions exiting the electrostatic analyser are then re-focused by ion lenses and pass 
to the magnetic sector where are then separated according to mass/charge ratio. The ions 
that enter this part of the instrument are divided according to the equation (Figure  5, 
magnetic sector): 
 𝐹 =                                                                           [7] 




 𝐹 = 𝐹                                                                            [9] 
 
Where Fm is the magnetic field force on the ion, rm is the radius of the ion at mass m 
successfully passing the analyser and B0 is the magnetic field. Using equations 6,7 and 8 it 
is possible to calculate the masses that pass through the magnetic sector with a radius rm: 
 𝑟 =  ·· · · =  · ··  ·                                                    [10] 
 
Rearranging the previous equation, the particles that pass through the mass analyser 
and arrive at the multi-collector detector are the ones satisfying the values expressed in the 
equation: 
 =  · ··                                                                       [11] 
 
After mass separation the ions are directed to the detector block, consisting in an 
array of Faraday cups. Faraday cups work as follow: when high-velocity ions hit the Faraday 
cup, they transfer their charge to the metal inside the cup. This induces a current that passes 
through an amplifier circuit (Figure 6), allowing to determine the number of ions hitting the 
cup. Faraday cups are extremely stable and are suited to precision isotope ratio 
measurements, especially in multi-collector instruments. For a continuous beam of ions 
(each with a single charge), the total number of ions hitting the cup per unit time is 
 =                                                                           [12] 
 
where N is the number of ions observed in a time t (in seconds), I is the measured 
current (in Amperes) and e is the elementary charge (about 1.60 × 10−19 C). The current 
generated by the ions is amplified using an amplifier equipped with a resistor. The resistance 
of the resistor can be changed according to the sensitivity necessary for the analysis. 
Commercially available MC-ICPMS usually mount 1011 Ω resistors, more details on the use 







Figure 6: Schematic representation of the Faraday cup detection system. The Faraday cup is connected to electrical ground via an 
amplifier that is equipped with a high Ohmic resistor. The amplified signal is converted to volts by a V/F converter. V = I x R, where V 
= voltage; I = ion current; R = resistivity. Current amplifiers can be equipped with resistors with R = 1011, 1012 or 1013 Ω. Figure modified 
after ThermoFisher scientific 
 
The data collected from the instrument are then integrated and processed as isotope 
ratios. The data are expressed as ratios because multi-collector instruments are not precise 
in determining the absolute concentration of a single isotope. Moreover, each instrument will 
tend to favour lighter or heavier isotopes imposing a mass fractionation effect, as explained 
in section 3.1. In the case of MC-ICPMS the plasma also fluctuates, resulting in an unstable 
signal over time, and the transmission of the ions, calculated as intensity of the beam, can 
vary by up to 10% in extreme circumstances. all these processes cause an error in the 
calculation of the concentration of a single isotope. In contrast, the precision obtained 
measuring ratios is in the order of a few ppm, as the fluctuation of the plasma, absolute 
transmission efficiency are cancelled out as they influence all the measured isotopes.  
 1.1: Mass fractionation in MC‑ICPMS: 
 
An inherent feature of all types of mass spectrometry is instrumental mass-dependant 
fractionation. This phenomenon alters the true isotopic composition of samples. Older 
instruments and some published lead isotope analyses were affected by this problem much 
more severely than the current generation of multi-collectors. 
In MC-ICPMS this problem is the result of processes that can occur at different stages 
of the passage of the sample into and through the instrument. Mass-dependant fractionation 
starts in the plasma, especially if the dissociation of the sample is incomplete (Albarède and 




the ionisation of the sample, due to the high energy of the plasma, but is the result of the 
incomplete dissociation of the analyte during the vaporisation and atomisation. 
Another location of mass-dependant fractionation is between the sample cone and 
the extraction lens placed after the skimmer cone. This mass bias is controlled by space 
charge effects. The jet expansion of the plasma into the MS interface maintains the charge 
neutrality and the plasma is largely sampled through the sampler cone (Douglas and Tanner 
1998). When the ion beam passes through the skimmer cone into the lower pressure part 
of the mass analyser, the electrons do not propagate further due to a negative voltage 
gradient present in the mass analyser, and the result is the development of a charge 
imbalance (Niu and Houk 1994). This charge imbalance causes the ions in the central part 
of the ion beam to repel one another. Therefore ions with lower kinetic energy, lower mass 
to charge ratio, are pushed out of the ion beam more easily than heavier ions. Due to the 
ion current (around 1.5 mA) that is generated by the ionisation of Ar (the dominant particles 
in the plasma), these charge effects are created independently of the analyte concentration 
(Albarède and Beard 2004). Overall the mass-dependent phenomena can affect the 
performance of the MC-ICPMS, and in particular the sensitivity of the instrument or the 
accuracy of the data, especially for lower masses. The sensitivity of an MC-ICPMS can be 
described as a logarithmic function (Al-Ammar and Barnes 2001): 
 
S = a lnA + c                                                                       [13] 
 
S, is the ion count rate normalised to the analyte concentration, a and c are constants 
and A the element mass number. Scatter about a curve described by this equation is largely 
influenced by the ionisation potential of individual elements, however, the slope of the 
sensitivity response curve is relatively flat for high masses ions. At masses lower of Cu, the 
sensitivity curve has a significant curvature and a steep slope, resulting in a mass dependant 
control for lower mass isotopes (Al-Ammar and Barnes 2001; Albarède and Beard 2004; 
Maréchal et al. 1999; Nonose and Kubota 2001).  
The controls and modelling of mass-dependant fractionation have been extensively 
reported in the literature (Albarède and Beard 2004; Beard and Johnson 1999; Habfast 
1998; Hart and Zindler 1989; Hofmann 1971; Kehm et al. 2003; Maréchal et al. 1999; W. A. 
Russell et al. 1978). The mass dependant fractionation can be explained using a general 
phenomenological theory regardless of the physical processes that generate it. The theory 
is based on the assumption that the transmission of the ions is a function of mass. Several 




three having been used most commonly over the last five decades: linear law, power law 
and exponential law (Albarède and Beard 2004). For the purpose of this thesis, only the 
exponential law is discussed, as this is the method that is now almost ubiquitously applied 
to correct for mass-dependant fractionation. The exponential law expands the logarithm of 
the transmission, 𝜏(𝑀), of the isotopic beams at mass M as a function of lnM, for masses Mi 
and Mk (Albarède and Beard 2004): 
 ln 𝜏 (𝑀 ) = ln 𝜏 (𝑀 ) + ( ) (ln 𝑀 − ln 𝑀 ) + 𝜎[(ln 𝑀 − ln 𝑀 ) ]                   [14] 
 
Where 𝜎 stands for “the order of” the expansion of the equation. To the first order, 
the mass bias on the isotopic ratio on the masses i and k expressed as Ri,k is evaluated as: 
 ln 𝜏 (𝑀 ) − ln 𝜏 (𝑀 ) = ( ) ln ≈ ln ,,                                            [15] 
 
Where ri,k is the measured ratio and Ri,k is the true ratio value. The mass bias factor 
is defined as β: β = ( )                                                                         [16] 
 
By using β, it is possible to obtain the mass-fractionation exponential law as: 
 𝑟 / = 𝑅 /                                                                      [17] 
 
The usefulness of the exponential law to express the mass-dependant fractionation 
lies in two factors: it appears to be the best model to describe mass-dependant fractionation 
(Albarède and Beard 2004; Beard and Johnson 1999; W. A. Russell et al. 1978) and it is 
possible to express isotopic ratios as linear functions in a log-log plot. 
 1.2: Analytical methods to correct mass fractionation  
 
Standard bracketing is a common method to correct for mass dependant fractionation 
during MC-ICPMS analysis of Pb. The method consists of interpolating the mass bias of an 
unknown sample between the biases inferred from two standards runs of known isotopic 
composition, one preceding and one following the sample analysis. The exponential law for 





𝑅( / ) = 𝑟( / )                                                      [18] 
 
The β applicable for the sample can be calculated, using the same equation, from the 
analyses of the standards, std1 and std2, analysed before and after the sample: 
 β =                                                                  [19] 
 
Then the r(i/k)sam can be corrected ant the true isotopic value of the sample is obtained: 
𝑅( / ) = 𝑟( / )                                               [20] 
 
Standard Sample Bracketing (SSB) method effectively corrects for mass-dependent 
fractionation only when β changes smoothly during the analysis run, a condition met in MC-
ICPMS instruments where the operating conditions of the instrument are close to steady-
state. This is the reason that the instrument is usually operated semi-continuously. Changes 
in the sample matrix, however, results in changes in ionisation conditions and the sample β 
will be different to that calculated from the standards. Therefore this method can only be 
used effectively if sample and standards are matrix matched and this requires sample 
purification to maintain a low overall analyte concentration that can be easily matched in the 
standard. 
A more sophisticated and accurate method to monitor mass-dependent fractionation 
in isotope abundance ratios is using the double-spiked technique (DS). First proposed by 
Dodson(1963) (Dodson 1963) the technique has been studied intensely (Albarède and 
Beard 2004; Compston and Oversby 1969; Cumming 1973; Hamelin et al. 1985; Hofmann 
1971; Klaver et al. 2015; R. D. Russell 1971; Thirlwall 2002). The DS inversion used for this 
work is based on the use of a 204Pb-207Pb DS solution. This technique requires the analysis 
of a natural and a mixed spike-natural solution in order to obtain the correct lead isotope 
ratios of the sample, due to the presence of the 204Pb and 207Pb isotopes in the samples. 
The DS inversion would not be needed if a 205Pb-202Pb DS solution is used, as these two 
isotopes do not occur in nature as are not stable. Using a 205Pb-202Pb DS solution do not 
requires a mathematical inversion and analysis of the natural and mixed solution, as a 
normal correction for the mass-fractionation factor would be sufficient to obtain the correct 
composition of the sample spiked with 205Pb-202Pb. However this DS solution is extremely 
rare and expensive and it was not possible to use for this work, therefore in the next section, 




The DS inversion is able to determine accurately the isotopic composition and it is 
ideally suited to distinguish between natural and instrumental mass fractionation. Double 
spiking offers a number of advantages over the standard-sample bracketing technique 
(Rudge et al. 2009). When analysing the standard and sample solutions, the double spike 
approach does not require equal concentrations and matched matrixes, and any mass 
fractionation that occurs during chemical separation can be corrected. If the double spike is 
mixed and homogenised with the sample prior to chemical separation, quantitative yields 
and highest purity sample separation are not necessary (Rudge et al. 2009). There are, 
however, practical issues in the use of the double spike technique that have slowed its use: 
a) obtaining pure spikes, b) determining optimal double spike compositions and spike-
sample mixing proportions, and c) calibrating the double spike. Moreover, the intensive use 
of double spike solution on MC-ICPMS can lead to memory in the sample introduction 
system that increases analytical error. Key controls on the precision of the double spike 
technique are the choices of double spike composition and the proportions in which the 
double spike and sample are mixed (Rudge et al. 2009). In the DS approach, the true 
isotopic composition of the sample is calculated by comparing the isotopic values of three 
solutions: i) a double spike solution (S), which isotopic composition is known and fixed within 
analytical uncertainty, ii) the natural sample solution (N, n) and iii) a mixture of the previous 
two (M, m), Figure 7. The three solutions are plotted in a diagram in isotopic ratio space with 
a common denominator isotope (e.g. 204Pb for lead isotope ratios). The three solution 
compositions will lie on a mixing line described by the values of the three solutions (Albarède 
and Beard 2004; Klaver 2016). Instrumental mass fractionation, however, will offset the real 
values of the sample and mixed solution from the mixing line. These two points (m and n in 
Figure 7) are offset along fractionation curves, by mass fractionation factors α and β, that 








Figure 7: Illustration of a double spike inversion using a 207Pb-204Pb solution. Curved lines represent mass fractionation, the straight 
line represent the mixing between spike and sample passing through the mix. Spike is the isotopic composition, of known value, of 
the double spike solution. M is the value of the mixed solution and N is the value of the sample, n and m are the measured values of 
M and N affected by mass fractionation (with mass fractionation factors α and β). The surface indicates all the possible intersecting 
combinations between the known value of S and the one obtained measurement M that lie on the mass fractionation line at a given 
sample-spike ratio. The intersection of this surface with the fractionation line of the pure Sample represents the unfractionated 
composition of the sample itself. Figure created after illustrations presents in (Albarède and Beard 2004 and Rudge et al. 2009) 
 
The mathematical calculation of the isotopic composition of the sample using the 
double spike inversion is based on the relative amounts of four isotopes, that are expressed 
as vectors of three isotopic ratios with a common denominator. The double spike inversion 
can be expressed as follow (Rudge et al. 2009): 
 𝑛 , , = 𝑁 , , 𝑒 , ,                                                                  [21] 
 𝑚 , , = 𝑀 , , 𝑒 , ,                                                                 [22] 
 
 
Where I, j, k are the 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb isotopic ratios. M, m, N, 
n are the isotopic values of the Mixed solution (M, m) and the “natural” sample solution (N 




The mixing line between the sample (N), mixed solution (M) and double spike solution 
(S) can be written as: 
 𝑀 , , = 𝜆𝑆 , , + (1 − 𝜆)𝑁 , ,                                                        [23] 
 
The λ is the mixing factor between sample and double spike: 
 𝜆 = , , , ,, , , ,                                                                   [24] 
 
The proportion in which the double spike (S) and the sample (N) are mixed to create 
(M) can be described as a proportion (in moles) of the double spike to the sample:  
 𝑝 = 1 + ∑∑                                                           [25] 
 
Where ∑  represents the sum over all isotope ratios. Combining the equations above 
(equations 21-24): 
 𝐹 , , (𝜆, 𝛼, 𝛽, 𝑛, 𝑚, 𝑆) =  𝜆𝑆 , , + (1 − 𝜆)𝑛 , , 𝑒 , , − 𝑚 , , 𝑒 , , = 0            [26] 
 
This equation has three unknown 𝜆, 𝛼, 𝛽, therefore three isotope ratios are needed in 
order to solve these unknowns. Usually, the system is solved using the quadratically-
converging Newton-Raphson steps, that use the derivate of Fi,j,k with respect to each 
unknown. The complete solution of this equation and the consequent error propagation 
estimation can be found in Albarède et al. 2004 and Rudge 2009 (Albarède and Beard 2004; 
Rudge et al. 2009). 
 
2.1: Supplementary information on Chapter 2: Internal precision on 
20xPb/204Pb ratios analysed with 1013 Ω amplifier 
 
The uncertainty of an analysis of a small ion beam is normally dominated by counting 
statistics (Poisson statistics) and the electronic noise (Johnson-Nyquist noise) of the 
amplifier’s resistor. While counting statistics are defined by the number of ions reaching the 
detector and are thus independent of the amplifier type, the Johnson-Nyquist noise is directly 
proportional to the square root of the resistor value (Koornneef et al. 2014). Using a 1013 Ω 




noise increases only by √100. Thus, the electronic noise is reduced by a factor of 10 and 
the measurement precision improves. 
The internal precision (given as relative standard error, RSE) of the measurements 
conducted using only 1011 Ω amplifiers follows the theoretical uncertainty, computed as the 
combination of counting statistics and Johnson-Nyquist noise, (Fig. S1). This is true for 
different Pb isotope ratios (i.e., 206Pb/204Pb, 207Pb/206Pb and 208Pb/206Pb).  
As shown in Figure 8, the theoretical uncertainty of the 206Pb/204Pb ratio improves 
when a 1013 Ω amplifier is used for the 204Pb beam. However, measured ratios have internal 
standard errors ~5 times larger than predicted. This unexpected behaviour was found with 
two different 1013 Ω amplifier boards mounted to the respective Faraday cup. The electronic 
baseline reproducibility (i.e., with deflected beam) was, however, within expectations. After 
consultation with Thermo Scientific it was concluded that the old hardware of the Neptune 
MC ICPMS at the VU Amsterdam may induce additional noise on the 1013 Ω amplifier, 
something that is characteristic of some early generation instruments. This problem, 
however, remained unresolved during the course of this study. 
Nonetheless, the long term 2 sd precision of data acquired with the 1013 Ω amplifier 
improved compared to the use of only 1011 Ω amplifiers (Fig. 3c, Table 3 main text), despite 
the apparent inferior internal precision. The abnormally high internal SE uncertainties are 
therefore concluded to be an artefact not affecting the quality of the analyses and were thus 
neglected in this study. 
 
 
Figure 8: Measured relative standard error (RSE) of different Pb isotope ratios relative to 204Pb beam intensity (in 1011 Ω scale). 
Data measured with 1011 Ω amplifiers follow theoretical predictions based on counting statistics and Johnson-Nyquist noise (solid 
lines) for 206Pb/204Pb (blue), 207Pb/206Pb (grey) and 208Pb/206Pb (black). Data measured with 1013 Ω amplifier on 204Pb are ~5 




3.1: Supplementary information on Chapter 4: Discussion on the use 
of LIRI 
 
 Various approaches were considered to visualise the variation of lead isotope ratios 
with time for 17th century Dutch paintings. In this work the LIRI value was chosen to assess 
isotopic variation with time, partly because this approach has been used by previous 
workers. The initial analysis was performed by evaluating each lead isotope ratio against 
time, as in figure S x. The data establish that four ratios, 208Pb/204Pb, 206Pb/204Pb, 207Pb/206Pb 
and 208Pb/206Pb, record recognisable change with time. Individual ratios, however, do not 
incorporate all the variations.  For example, the isotopic composition of the 16th century 
samples have distinct 207Pb/206Pb ratios to samples from the start of the 17th century but are 










The power of the LIRI approach is that it integrates the variation of all the lead isotope 
ratios in a single value that can then be presented in a 2D figure. LIRI values are calculated 
according to the equation:  
 
LIRI= 35.385 + 0.4729 * (206Pb/204Pb) – 0.5519 * (206Pb/204Pb) * (207Pb/206Pb) – 8.2561 * 
(208Pb/206Pb) 
 
A principal component analysis (PCA) has been applied to the 5 isotope ratios 
obtained for each sample 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, 207Pb/206Pb and 208Pb/206Pb. 
PCA is a data analysis tool that is used in exploratory data analysis and for making predictive 
models.  
Principal component analysis (PCA) is a multivariate technique that analyses data in 
which observations are described by inter-correlated quantitative dependent variables. The 
PCA perform a dimensionality reduction of the data to obtain lower-dimensional data while 
preserving as much of the data's variation as possible. The purpose of the PCA is to extract 
the important information from the data matrix, to obtain a set of new orthogonal variables 
(principal components) (Abdi et al. 2010).  
The first principal component produced in this study records 76% of the variance 
while the PC2 contains only 18%.  The contribution to the variance in PC1 was given mainly 









Plotting PC2 against time does not give any information as the variance of the data 
on this component is low. If the PC1 is plotted against time the results it is similar to the one 
obtained using the LIRI. Both LIRI and PC1 confirm that 206Pb/204Pb contains the main 
information on the variation of lead isotope composition over time, however studying only 





Figure 11: PC1 against time 
 
It is interesting to note that if the LIRI is plotted against the PC1 it gives a straight line 





































The PCA information, however, is limited to the dataset population, and for every new 
sample a new PCA should be calculated, making this method difficult to allow study between 
different datasets. By contrast, the LIRI instead is a model based on a much larger dataset, 
covering a much broader timeline and can be applied offline and compared directly to the 
results of other studies. This makes the use of LIRI values effective for the study of Pb 
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John Donne wrote two well-known sentences in the 17th century: i) for whom the bell tolls 
(Metallica made a great song with this title inspired by Hemingway’s novel); ii) No man is an island 
entire of itself; every man is a piece of the continent. In these two sentences, in my opinion, Donne 
offers the idea of a society in which our successes, and in the same measure our failings, are 
achieved, and shared, with the whole community we are part of. I can easily say that the 
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To conclude: “I believe the world will be saved by beauty.” Claims Prince Lev Nikolayevich 
Myshkin, the protagonist of Fyodor Dostoevsky's novel, The Idiot. I believe that this work will not 
save the beauty present in this world, it is not its aim, but I hope it will help to better understand it. 
 
